AppL No.: 10/677,301 BEST AVAILABLE COPY 

In reply to Office Action of October 20, 2004 

REMARKS 

Claims 5-17 are active. Claims 1-4 and 18-23 have been withdrawn from 
consideration. Claim 5 has been amended to refer to a consensus NF-kB binding site. 
Support for this amendment is found in the specification on page 4, last four lines. 
Minor changes have been made to claims 3 and 15 and claim 10 has been further 
limited. Accordingly, the Applicants do not believe that any new matter has been 
added. 

The Applicants thank Examiner Falk for the courteous and helpful interview 
of December 14, 2004. To address the description rejection, it was suggested that 
claim 5 include a structural limitation on the compoimd employed. It was suggested 
that scientific publications showing that a representative number of brain diseases 
were associated with NF-kB activation would help address the enablement rejection. 
Minor revisions to address the indefiniteness rejection were also discussed. The 
Applicants have now revised claim 5 to include a structural hmitation, present 
additional scientific publications showing that the NF-kB was well-known and that a 
representative nimiber of brain diseases are associated with NF-kB. Favorable 
consideration is respectfiilly requested. 

Election/Restriction 
The Applicants acknowledge that the restriction requirement has now been 
made FINAL. 

Rejection — ^Double Patenting 
Claims 5-17 were rejected under the judicially-created doctrine of 
obviousness-type double patenting as being unpatentable over claims 5, 6, 8, 9, and 
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In reply to Office Action of October 20, 2004 

12-23 of allowed U.S. Application No. 09/466,913. The Applicants respectfully 
request that this rejection be held in abeyance pending the identification of otherwise 
allowable subject matter. 

Rejection — 35 U.S.C. SI 12, first paragraph 

Claims 5-17 were rejected imder 35 U.S.C. 1 12, first paragraph, as lacking 
adequate description of particular structural limitations on the compound employed. 
Independent claim 5 has now been amended to require the compound to comprise a 
NF-kB consensus binding site addresses part of this rejection. The consensus 
sequence of the NF-kB binding site. This limitation is described in the specification 
on page 4, last four lines. 

The specific NF kappa motif sequence (5'-GGGACTTTCC-3') and the 
general consensus sequence (5'-GGGRNNYYCC-3') were well-known as of the 
filing date as shown by the attached documents: 

Schreck et al.. Nucleic Acids Res. 18(22):6497 (1990), see abstract; 

Zabel et al., J. Biol. Chem. 266 :252 (1991), see abstract; 

Ranganathan et al.. Nuc. Acids Res. 21:1959 (1993), see abstract. 

Xie et aL, J. Biol. Chem. 269 :4705 (1994), see page 4705, col. 2; 

Lenardo et al.. Cell 58:227 (1989), see page 229; 

Grilli et al.. Int. Rev. Cytol. 143:1 (1993), seepage 19, 

Liou et al., Curr, Opin. Cell Biol. 5:477 (1993), see page 484; and 

Siebenlist et al. . Annu. Rev. Cell. Biol. 10:405 (1994), see page 407. 

Accordingly, the Applicants respectfully submit that this description rejection 
may be withdrawn. 



6 



Appl.No.: 10/677,301 

In reply to Office Action of October 20, 2004 

Rejection — 35 U.S.C. SI 12, first paragraph 

Claims 5-17 were rejected under 35 U.S.C. 1 12, first paragraph, as lacking 
adequate enablement for NF-kB inhibitors other than those comprising SEQ ID NO: 1 
and a liposomal delivery system for treatment of cerebral vasospasm associated with 
subarachnoid hemorrhage. The Applicants submit that one with skill in the medical 
or molecular biological arts would understand how to target an NF-kB decoy to the 
brain, for example, as described at the bottom of page 10 of the specification and as 
exemplified on pages 11-12. Thus, undue experimentation would not be required to 
select an appropriate vehicle or route of administration to appropriate target the 
nucleic acid or nucleic acid analog to the appropriate tissue. 

The claimed method employs a compoimd that comprises the NF-kB 
consensus binding site as a NF-kB decoy. Page 3, last paragraph, of the specification 
discloses that such decoys are particularly effective for use in brain tissues against 
disorders caused by imwanted activation of genes regulated by the NF-kB 
transcription factor and the top of page 4 describes a number of such diseases. To 
show the role of NF-kB in particular brain diseases, the Applicants direct the 
Examiner's attention to the following scientific publications: 

(1) Alzheimer's Disease : 

Brain Res. 735:159 (1996). The results suggest that enhanced expression 
of neuronal NF-kB occurs in areas affected to Alzheimer's disease pathology. 

PNAS 94:2642 (1997). Activation of NF-kB was observed in neurons and 
astrologia of brain sections firom subjects with Alzheimer's disease. 

(2) Cerebral infi-action : 

Brain Res. 739: 343 (1996). These results suggest that enhanced 
expression of astrocytic NF-kB occurs in cerebral infiracted areas. 
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(3) HIV-1 encephalitis : 

Neuropathol. Appl. Neurobiol. 21:518 (1995). High-level activation of 
NF-kB may promote the sustained production of neurotoxins by microglia and 
macrophages during HIV-1 encephalitis. 

(4) Head trauma : 

Neurosci. Lett. 197:101 (1995). These data indicate that traumatic brain 
injury (TBI) produces transient increases in NF-kB DNA binding activity. 

(5) Convulsant-induced seizures : 

Neurosci. Lett. 170:145 (1994). Nuclear factor kB in rat brain: enhanced 
DNA-binding activity following convulsant-induced seizures. 
In view of the above scientific references, the Applicants submit that one with 
skill in the art would be enabled to use the claimed method without undue 
experimentation for the treatment of brain disorders and diseases. Accordingly, the 
Applicants respectfully request that this rejection be withdrawn. 

Rejection — 35 U.S.C. §112. second paragraph 
Claim 15 was rejected under 35 U.S.C. 112, second paragraph, as being 
indefinite. This rejection is moot in view of the amendment above. The term "unit" 
is described in the specification on page 5, lines 10-11. This term refers to a sequence 
comprising one or more repeats a particular oligonucleotide sequence, e.g., tandem 
repeats of SEQ ID NO: 1. 
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In reply to Office Action of October 20, 2004 

CONCLUSION 

In view of the above amendments and remarks, the Applicants respectfully 
submit that this application is now in condition for allowance. Early notification to 
that effect is eamestly solicited. 



Respectfully submitted. 
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Vd. 94. pp. 2642 -2647.Mardi 1997 

Neurobiology 



Transcription factor NF-kB is activated in primary neurons by 
an^bid b peptides and in neurons surrounding early plaques 
fiom patients with Alzheimer disease 

(radKe otgai litemalalBS ysanlle daquaBynaroprolBllon yH,0,yna«nal erfl ckgOt 
BARBARA KALTSCHMIOT*. MARTIN UHEREK*. BENEDICT VOLK't PATRICK AB AEUERLE**. 
AND CHRISTIAN KALTSCHMIDT*§ 

Ite C3ciixi^ Driven 3xlh an ftsrdsxx MB) 

Conr^a^^ tyO^s^ V^s^, Univ^ty of Z^<t, Z^^ S^ani 30.l99,i^^ Icr^e. 19, 1996) 



fiBSTRfiCT AivWd b Pepl^* (Ab)-cciTtaining jJacpes 
a«Mlnataf/teheimeRfsBasBLHere^vedKWh2^ 
neuntodc Ab. a ineia piaque oomponent, Is a ptent acth 
vioxfthelraiacriptlonfaclaNF- kanplnayneurcns 
This adh/iton recMired reactive otyfipn intemiBdate » 
meseengefs becaua an artkickbnt prevented Ab-lndioed 
NF-kB activation. Maximai activation of NF-kB was foun d 
viith ai mM Ab-(1 - 40) and ai mM Ab-(25- 3^ f raomert* 
iTGidnffvdeforNF- kBnneuroproteotionfeadU&Udnipn 
activity^^scificmAfafortheifiSNF- kBaulunit^ivitanrf 
NF-kB ato was ctasnod fcn neurons and astra^ia rf brain 
SSdlmsl^ ^mer patients Minted NF-kB 
vfflBdfWeda»ll3rthecloBBvkinltyofeariyjia(»jesC^^ 

ctta stg^ that the aberrant flpne «P[«?^_J^SSf 
nervoJdisajeistleastlnpartAjetoA b-iixticeebj4lvatiai 
ofNF- kftairtentinineclate - eartytranacriptiGnalr8»iW«» 
ofnumaious prdnflannmaton^ genes 

A crBracteridic of Alzheimer daaaae (AD) Is the acxamJa- 

tion of a 40-43-aTinD add peptide termed "amylad b-pepK 

tide' ' (A b CT bA4)(1^.TH^Ideidhennajorcomponert 

of3Brileplac^OLrxinADancirOaAn^n*omaA t> is 

a^TOtedytldragnriertafthelargBamyldcj^preciOT 

(AH^(3).SBveralarimalnxxjel9recartlyhaweinteraxied 

the Importare of APP fa neuonsl firetlcn A kna^ 

mouaBi In wNch a ^er €9<on 2-lacking form a APP is 

©cpre9BBdldtMmiemQrvdefect^4)T^^ 

^^recertly has/e been developed (5. 6). APP^I 

muation leads to impaired neLTonsi firdion and reactive 

dioas (5). Overexpresacn of APP leads to the fan^on 

irileplaqueatWido8^7)Jnaddtla\A 

to be nematode fa primary neu-ons and ctonal ceil lines 

(8-11). The naoolodc actton rf Ab cold be bkcked ty 

artioddrts (10) and relied on the production d reactive 

ocy^ irtenneddle^ eg. h^lrogen paodde (11)^ 

AD Is aoconxJffied by the expreseon of irflammstoy 
cytokinesatfcellactBsamdecUe^ndutingprterlaidre 
(IL-6) IL-lb, atJ irtaceiliJar a*eacn mdecUe 1. In nejF 
raB '»xl mioo^la (12). Several dudes ajgged tW the 
narodegeneralive effects In AD can, at lead in part, be 
attribatedtotheactloncf neuttcDdocytcWnesiajchad L-6 

(U14).W^BvenatloedthatmarTyofthegene9T©AlyinlJDed 

In AD are uxlsr immedate - early transoiptional artrd cf 
NF-kB^actorp-e9ertinneifonffl9Ael!asTaao^ia(15,l6). 

ThepublicatjonaJSlsc3ftrtsartideweredefra>ednpartbiP^ ^ ^ . 

pavmenLTrtsartideniisttherelaebeherebyniai^^^ aMissment in 

aoDordanoB wth 18U.SC §734 adely to Indicate Wsfad. 
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Many moatly pathogeric StimJi can activate NF-kB (17), 

leadrQldhBeipre9aoncfacellJardefen9Bprogram.lrthis 

line, activated NF- kB is a poative regdala rf genes vhose 

prodLJCt9nredatethBacUephB3ere^X)nae.iymphopronfq3- 

tia\led«xytead«ior\chenrcattractionrfnrecrcphage^B 

atn^cellactlvatior\andartivlraireq»naB.Veryrecertly.the 

naJdraHTTltter s^Uamste and Its agorids kainate and N- 

methyl- D-a^BrtateweredoMtocauaBactiviiatfNF- kB 

in primay neoons (18. 19). Glutamate plays a rde in bdh 

najarronisacn and neoodegeneration and has been 

dxwn to induce oddalive dress in neoons (2D). 

Inrendlmdated cells NF- kB is so^aed in the cyto- 
plaanbylrttbtoryaiiritacalled kBprrtdnsaimdation 
of cells by dverse Inducers causes phosphorylation d IkB-a 
atbtoquertde^iOBfl kB-a lythepraea9Dme(2l). 
Liberated NF-kB is tranced in the nudei^ where it 
ireijoes traBcription of targst genes indudng IkB-a as an 
aUaegJatory locp (21). Reactive wygen Irtermedaes 
(ROlJ^uxiionasBBOondniesBengersnNF- kBactivaticn 
(22 - 25).CytcdasiiicNF. kB,GortalningpB0an*fi6(RelA) 
DNA-dndr^ alxrits vas found in all re^ cf the bran 
(2B)aTdrtBdcailyailcelltypesrfthenervauBEydem(16.18, 
27. 26). The p65 aJbLrit isesaertial fa afvival (29). 

HaeAa-epartthattheneaotcPdcpe^tida^ b "sapotent 

inducer of NF- kB in primary neaons and adrocytes ins 
activityofA b rediredthepraUctloncfROIsasnesffingBrs 
immutrtdo^wrical a«lyds of brain aectiois from AD 
patiertauar^nAbwthBBlectlvityfortheBCtivatednudea 
formofpBBreweeledthalNF- kBv«sactlv^ednnaronand 
adrocytes Cells vath activated NF-kB v«re rednded to the 
dose prodmity of ealy fJaque dages We dacus the posa- 
blityth^( /)Ab-indLX»MF. kBactivationootribUedcthe 
pathdog^ d^ obeaved in AD via the indiAioi of 
pxinflanmaioryandcytatodogawDr.morelite^y.thBt( ff) 
Ab-induoed NF^kB activation Is part of a cellUa defense 
pra^anx 

MATERIALS AND METHODS 

PrinwyCuItutBA b TreatnrentaidCeliajrvivaWnalysis 

CaebdlagarUeodloitureawaepreparecf ran* - 7-d^j- 

dd Wida- rats (18). At trts dage. a-p65 ^^^^Jj;!^'!^^ 
tlvltylno9^lamaxonBa«ycWi8)A ^^^^^^^^^ 
50e8eiaxfi1O178)ardA b-(1 -4O)(IOt^06773ateiO998) 
(Bachan) fragrwts wae dadved In \fteta a 1 mgynH 

§ro vrfiom reprint requeds dwuld be addressed. wt«I: kaitahm® 
ruf.unl'freiburg.de. 
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drectly befae use a the adution ves liquated and Saed 
frazffi at 2 208C. Refreezing was avoided One batch rf 
Al>-(1 - 40)tededforaggregatiavithCongDredaairingand 
electrcmicrcKxpyNAaaattanedfrcmBoehingerl ngelheim. 
AscraTtledOQrtrdpeptida(aaqjenoeK33NMLGIIAG,rrf. 
11) vas syitrrazed and pirlfled ty HPLC, at^anoe P. 
bcvine catdase; pyrrdidne dtrtocatennate (PDTC), and 
3-a7iino-1Z4-triazdewerefram3gmal rtibiticjnrfbcMne 
catdaae (gpedfic activity 22D0 nits ynig prrtein) was done 
wtte5-fdctrdar©(oesBDf3-arnino-i;2,4-triazdefa1h^ 
aTtiOTttffTTperati/efdlOAecfcydalyssortVlillip^^ 
Cells v«re treated v»ith the indexed ocnoertrations a pep- 
tidedr¥nediiTMlthaBriiTtfa45hnlrtd3da^ 
cells were fixed for 2 min In ethand and fcr 5 min in 3.7% 
forma<del>^iBandn™Tm]dainedThesBqLBnceofthepep' 
tldeu9Bdfa^lbodycaTipetitloriadescribedelsaAhere(2B). 
For^yaaofneuoBlaxvivallnpardldtdnrirTurodain- 
ir^ the fluorescent nudear dye 6<ianidno2-phenyllndde 
(DAR) v*es uaBl Nudear dromatin morphdogy v\as ana- 
lyzed wth a 3 40 objective NcrviaUe neirons were reoog- 
rizecbymdearccndensationand yorfrasprierteddTomatln 
In pteae cortrad Images* thoee neocns v«re Irre^ariy 
with dniten cell txxjy andyor dydroprtc nantes 
ThenLfTilm^vlatteandrtiTviadeneu*onsABeDartedn 
trree to five fixed f leldfe per chamber. 

Inminotfanlng Melhafc IsDocrticd tisae v«s cttaned 
poSmortemfrorT^aatiertaJtttldopBthdogcdlyayflrmed 
AD CryoaatsBCtlcr6(8 mm)werecutfrorrtfnzertisaaflng 
aJifgCTyodd(LdcaHaddberg)anctmrted3ngeldlne- 
ooated dides ImmurHdochemiatfy was performed eaeen- 
tidlya^evioudydescribed(l5.183).FordOLOeiabdlng 
ocperimert5 the brain sections were InaiBled with the two 
atibodes (dIUed 1:50): an mAb agand p65 (Boehringer 
MaT*«im)aKlapdyclonalrabbtarti-A b artlserinXarti- b 
any!ddAlzheimer3odnngerMamheim).BoiJxfertibod" 
leswere delected with a bdlnylaled arti-mouse l^yavidn 
Cy3 ccmfioc ard an arti-rabbt IgG copied with dcNoro- 
triazinyl anino fiuoreaceia In addtlon, SOrrni prafirv 
entedctod sections were cU from aUtopey material d<aineo 
franthdocaiDepartmertrfNarcpBthdogy-BefaQmmu- 
ndidtocherrtdry, aectiors were treated fa 10 min in a nri- 
crowve wen in Q1 M dtrate buffer (pH &0). a-p65 mAb 
(1-50) was detected with a percDddase^xMied aeccntfary 
atlbodyusngnckd-enhapeddamlndienadneasaiadfa e ^ 
{Vectadan Elite. Veda LdDoratorie^. PafAide preateort)- 
tlawadDneaate9cribed(18).CdordlderforRg5l -4«re 
ddtlzed uerB a Nikon Codscan oomscted to an Apple 
MadrtorfioaTpler.CdordiderfaRgaAfiredQptizedMth 
aUndype-HdlTopazaameraiHs^resdUloaMarting 
of Vigses was done uang adobe photo9«p srftwara 

RESULTS 

Naiondv Concentrations cf Ab PeptidBS Adiv^e Tran- 
scripllcnFaclaNF- k BnPrimaiyNeurons Wdrvedigated 
byaimmLnxytodHncdapproa:rWidherA b coJdacti- 

v^e traOTptioi facta NF-kB in primary cdtues d cere- 
bdia- g-aiJe cells A recently da«loped mAb (a-pe5 mAbt 
ref 28) was used that selectively dans the activated fudear 
famdNF- kBandalloi*«ncritoringofNF- kSactivaiicrat 
theardecdllerel.'meartibodyrecognlzesanepitcpeorthe 
DNA-dndr^ p65 aiirit. wrtch is Welded ty IkB in the 
irectlvecytcplaaTicfomirfNF- kB(2S).Becau9Ethef£5genB 
isidrapldyindudOe(30^31),theappearanDecfnudeaTfi5 
immiroreadivlty resdts from the rdease d IkB dJing 
podtratistiond actlvatioi ^ , 

An irtre^ed oortrd aJtire of cerebellar grarxie cells 
diOMed we* a-p65 mAb immuxreactivity, wrtch dd nd 
o«rtsp with the nudd. Each image in Rg 1. a-c *cws a 
runber of noions (aiBll nuda) aid an airocyte (large 



Co Afl(1-40) AB (25-35) 




nrieLE^JreatmertwithlOOhMofA bpeptide^A b-(l-40) 

anc^ b-(25 - 35)lfa45rnlnlndLJoedadroncpncreaseinp65 
activityirtrttmronsaTd3Strocytes(Rgl cfand g). a-p65 

mAb immuxreactivity new odocdized with the mdear 
DAPIdarirg(canp0reRg1 Top and MKtte).TWsdTO6 
ttBt Ab cai activate NF-kB in bdh neurons and aar ocytes 
Ab-{1 - 40)activatecNF- kBirthesameconoertraticnrange 
a^ t>.(25 - 35)XsBebelaAdbUtal]datePfailedtoa:tivie 
NF-kBalooncertratlonBLpto15 rrf^CdianddTOAn).!?© 
oax»triton profile of the NF-kB adivation induced ly 
Ab-<1-40)(Rg2 A)andA b-(25 - 36)(Rg2 B)wagTTeaafed 
AdivationwBSCMatifiedUBinE^dograTH3ffdlmicroa»p 
views depided on a linear scale with the rdative amort d 
pxds *OAn on tte crdnate and the fluorescence Irtenaty 
Swn m the *Qdsa (Rg ^. We ford thi 100 nM 
refrodudUygavetheatrongedtactlvattamlthbdhA b-(1 • 40) 

axlA b-(25 - 35)resdtinginapeflkattheMc^fliDre9cence ^ 
irtaBty(Rg2 A and 8,aTowB)Ataconoertrdicnrf1 rrU 
Ab-(1 -40). p65 was dill adivated (Rg 2A) in cortrad to 
neuonireatedAithl mM Ab-(25 - 35).TreatmentwithHc^ 
coTCfft rationarfpeptidejesdtednanindudiondan a -p65 

immLnaeactlvity. wMch no longer odocdized with the nu- 
dear DNA daring tU was oonoertrated In perinudear 
sgge^ea TKs was much mae pronojroed In cdls treated 
with Ab-(Z5-35) (Rg 2B). . 

Next.wetestedflhethertheabeervedsIF- kBadivstiorty 
tha^ b peptidesi^aa^fidficApeptidedthesameaminoadd 
conpstim as A b -(25 - 36) but with ^ a randgm eed sec^Bnce 
( 1 1)weSededatacaTcert rationof lOOrM .ThBacrambed 
peptldefaledodetedaUyadlvateNF- kB(datanrtdXMn). 
To ases the qaedfidty rf the a-p66 mAU the artlboV v«s 
prdnaJMtedAittthBpeBpeplldeugBdlora8BlhemAb(2B). 
Pteptlde-predDsoted a-pe5 mAb dd nd dain granJe cdls 
treated with Ab (data nd do^n). 

AllvationafNF- kBbyAb Isnnw-DependErt. Ab peptides 
wa-e sfflied fa severd days on cerebdiar ganJe cdls 
NF-kBadivationiAeaTTeaaredaidffaerttimepdrts(dda 
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Fig. Z Concentration dependence of Ab-induoed NF-kB adi>a- 
tion in oerebellar granule oetla {A) Granule cells treated vMth Ab- 
(1 -40).(S) Granule cells treated with Ab-(25-35).(U]per) Indired 
immunafluoresoBnoB analysis of primary cell cultures for binding of 
a-p65 niAb. Cells were sBrrwlated for 45 nnin Wtti the indicated 
concentrations of Ab-(1 -40).9BClions vwtti two to four neurons are 
dxMn. Neurons were identified by DAR staining and by ttieir 
morphology upon phase central niaosoopy. Analysis of the inmi- 
nofluoresoenoeinlensjtvcjfalargerareaofttiespedmeninoneoptical 
plane. Histograms for each conoBnlralicn are ^omi. The ordnate 
(linear sole) depids relative amounts of pixels The fluorescence 
inten9tiesoftheCv3d¥onriophorare*CMffionalinearscaleonthe 
abscteBaArrowsndcatBttierTBjmalsignalsabtainedatlOQnMA b 



not ^xwi). NF- kB activation ttya an in^^rted U-^cped 

ccncertration depaTdence fa Ab peptides Madmal adiva- 

tiorMBsObservtxfa i a a fcW3onDertrdtiaTangg]f0.l rrM 

Ab-(25 - 36) and 0.1 Ab-(1 -40) ip to 1 nrW Ab-(1 -40) 

after 1 h, and tp to 24 ^ of peptide expoej-a No activation 

of NF-kB caid be detected at Nc^ ooncertrations even 

afteranexpoareof i43t o3daysN»/ert hele^neu-doddty 

of both Ab peptides (10 nU) ves evident after 1 cf 

expoareandncreaaedtomorethanaOP/ononvitaloellsafter 

3da^ TTb nBuratCDddty of the Ab peptides was ewen more 

proKured when the treatment vas done v\ithoat aaim 

Ofirterei.rfter1dayDf©(poarewttt).1 nU Ab-{1 - 40) 

at|toao%increasanviabiiityofganJecell3ftea±eBrved. 
TMsDOn^atea/BryvyellvyjththenfiadmaiactivaticncfNF- kB 
attNewtprotectivedoeeofQI nrt/I A b-{1 - 40)and9na 
timeframetoeilow dbnovo geneepcpresaonAaabeenrecWth 
activation by other atimUi, eg, tumor necroas facta (TNF) 
a phGrbd eder^ NF-kB activation is a transient process 
wrtch IsirNbted through db ntvo ocpresdon oftheNF-kB- 
targetgenel k6a^ofanautor6gLiatcrylocp(21)Tctes[ 
themecharisTOnvdvBdrtherepreaaoncfNF- kBactivation 
atNc^concentrationeofA b.weteaiedgeveraiconoert rat Ions 
ofH 202forNF. kBactivaticr(dalanot*owi).arpri3nG*y, 
here also an inverted U-*aped corcentraticn arve v«s 
observed, and v«th H2O2 amaits Hc^ier than 40 nrM, a 
perinuclear Staning vsas evident. One explanation for tHs 
innal localization of activated pBB mi^ be an oxidative 
motificatlonofpB5rterferinowthnudeartran^.TakBn 
togBtrBr,theaBdalapoirttoarcleofNF- kSimeifopreteo. 
tion rather than in neirodegeneratiori 

Alh/atkn cf NF-kB by Ab Is Dependent on ROs Ab 
peptidesdilla ecapeOeof gBneratinsROI s( 1 1.3^.and 
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ROISAiere^oMtobecritlcalfcrtheneuctGKicactlonofA b. 
aaAessvkJentfronthepratectiveeffectofantioKidant^ajCh 
a9rttaminEorocogenoudyappliedcatalaaB(iai1).Becau3B 
NF-kBisactivatecbyH 2O2 inecmeTcelllinesiirtHeLacells 
(23, 24), and In cerebellar graaJe cdl^ we tested vy^ether 
ROI$ in partioiar H2O2, play a rde in Ab-induced NF-kB 
activation, entires of grsixJe cells vere stimJaled v«th 
Ab-{1 -40) (Rg 3, a-t/, Uppar) and Ab-(25 - 35) (Rg Z, 
LoAB- )alone,incombinationwththaartioddartPDTC(Rg 
3, e-/0,arirNbitcrafcelMarH 2O2 productlcNnre^ong^o 
okadtic add stImUation (33), and in combination vuth cata- 
las (Rg 3, /-/). PDTC (100 nt/l) almotf ocmpletely booked 
theeppearax^ifA b-activatec|p6Snru:lei(Rg3, eand g). 
Only avweek perirudeer p65 Pairing was evident. 

TNF-irxJucecWF- kBactlvationcarteaffreseedbydaUe 
overexpresaon of catalase a exogenoiriy applied enzyme 
(25), SLQgedirg ttBt H2O2 is a critioai ROI facta In TNF 
agrBlir^Becau90catala9BalsQpr©«tdhecytotodoeffects 
cf A b (11).v«wQndBredAhBthBrt4F- kBactlvatlcrtyA b alsD 
vaeaflresBBdbytheH 20rdBgradngerzym&Rimarygran- 
JeneLTcrBAerepreincitetedro r1hwith400TwmlcatalasB 
before the addtion of 100 rtvl Ab peptides [Rg 3, /-/: 
Ab-<1 - 40) Uppg- ; Ab-(25 - 35) Lower } AstfwriffigS, /-/. 
exogenouB catalase effectively a^Dpressed the appearance rf 
Ab-activatetNF- kBimudei.l rixmpBriaa t oFBTCinH- 
btlon Vtfth caftaia3B is much less effidert. For inMUtlcn cf 
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Fio. 3. The effed of the antioMdant PDTC ar 
Ab-induoadNR kBad^^ation.G^anuleGBllswere^^aJbatedrGr4S^^in 
wthlOOnMA b alone( a and b. Ab^l - 40); c and 4 Ab-(25 - 35)la 
withA bandlOO rrl^POTC^iMNdiAQsaddedtooQllailtureslOmin 
beforeA b [eand /, Ab-(1 -4O);0and h, Ab'(25 - 35)],onMthlOOnM 
AbplusMO nBynnlcatalas9,>MNdMBsaddedtoGeit sihbefbrethe 
Ab peptidet /and /. Ab-<1 •40):kand /, Ab-<25 - 35)l.Ceilajlture9Aere 
analyasd ^ indred imnruwAuoresoanoB for an imraasa of ai)65 
mAbimmuna6adiMt>( a, e, A c g, <c)andbvnudearDAR -staining 
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FiG.4. Cdocaltationof a^)65rTVVbandanti-A b immunoreadiv- 
ities in senile plaques from brains of AD patients tn double inmi- 
nofluaesQBnoBe}^jm8nt^a73GecliQnsfronpatientsMthAOv\ere 
iirmjnoslainedwthpdjdonalanti-A b {b)andnnonodonalanti-p65 
(a) antibodes Bound antibodies were detected by spedes^iedfic 
seoondanfabodesooryugatedtoeitherC^redfluorescBnoB^iies 
(a)] a did^aotriaanyl annino fluoresoeln (green fluoresoence, an- 
ti^b m. (Bar 5 10 nm) 

TNF-medated NF- kB activation, a prdorged pretrealmert 

{3Ch)wthe<09BnDLH3talasweTOceffiary(25).Here,crly 

a 1-h pretreatmert wth catalase ves reeded to deariy ap- 

press NF-kB activity. We teded also catalyttcally inactive 

cialagRTherefawepreirxxtetedcatalaaBwththe^fic 

lr*ibitor3-annino-1,2,4-triazde(25).'melreetedcatalaaa«as 

tededrcrirtibiticnofA tK1-40)-andA b-(25-35}-medated 

NF- kBactivatiansarprisnQ|y,ttTarBCtivatedcatala9Bacted 

daasairHbitcrofNF- kBactivaticn(dalanot^iasn).One 

poeaUeexplanatiaTnlg^tbeaninterfCTenoerfcatalaaewlh 

Ab agjegation. 

NF-kBnfmirKractMtyld3resenftbiSenneRa9J^ 
inuedigated Wiether NF- kB Is activated in the viddty cT 
Ab-oortairiingpiaqjedrthebrainscfADpatiertsTberird 
SBriesafwperimertsAereperfcmiedMthcoroeBctic^ 
brainBafpatiertaAithADdanedbyarindrectimmuDflu- 
aeacercetecrnqjebecafiBCfthldechrique' aaitabilltyfa 
dcxUe labelir^ A totd of 10 sections orignatlng fronn the 
lirrtic cortex and Hppocanrrpus cf iar AD brains were 
^yzed Birdrgs of pdydond ar(l-A b artibodes and cf a 
monodorei a-p66 antibody vera visudized by re^ective; 
^fic fficondary artibodes In Rg 4a. red fluoresoence 
(CyS) our e yords to activated pG6 and green fluorescence 



(dcNorolriazinyl aminD fluoresoein) oon-egponds toartl-Ab 
lrTmnoreaclivity(Rg4 i))AnB(amplerfa9BnilefiacMe,as 
detectecfcyananll-A b artl8eniTi.is^xMninRg4 bjarAhd 
same dructuB is gtalned vvith a-p65 in Rg 4a. Out of 300 
arti-A b immmoreactiveplaqjesnqDected. ' 66%v«r€found 
to also be dron^y poative fa a-p65 inrnixyeaclivity. No 
ddnngtAassMdertWcrthenrAbtAa^eabearbedMththe 
corre^ondng pB5 peptide epitope (data not *CMn). 

Ealy Plac^je aages Are Surroundad ty Neurons Wth 
Aiivated NF-kB Udng paraffirvembeddod seAkrs of AD 
brdns and percKklas&ccniusated antkmouse-l^, dstlnct 
plaqjedagsdnthsisooorteKof AD pstientsnereandyzecf a 
a-p65 nfiAb irmuxreactivity. AltliOM^ this prooedj-e is of 
loMersenativitycomperedMtNnnrTiutifluoresoencestaring 
mettaJ^ as ©fldert from a lower denaty of NF- kB-podtive 
plaque^itha^headvantageSthatlipofusdngranJesarernt 
dfetectedandlhatdfferentplaqLBdagescarbeidentifiedWe 
hBveensiyzeddffuse,pnmitive,anddasacalptaque9natotal 
of 30 samples from the cerebral cortex of fou* patierts wth 
ADAtotak*1(]0plaquesdeachBampl©fla9n^ed.TTie 
majorityofplaciLBayasagnif icantlylabdetWth a -FfiSmAb 

(see Rg 4) vtoeby the intenaty cf labeling corrdated wth 
tr« pia(^ dage. The Pronged ddring \Aes observed in 
primitive plaqje^ and dffuse and dasscd plaques ^hoMed 
cnlyvgeakp65daning(datanot^icwi).lnprinitivepiaque 
dsges a-p65 mAb immmoaaining deariy labded plaqies 
(Rg5,brafraiCT)Tvw©(amplesofregonaAithprimitive 
plaques are at \on pmer view in Rg 5 and are 
cortistertvdththeresit^rQnnireirectimmLinfluarescence 
labding(sBeRg4)AnjTiberofcdlsBLrroindn^heplaqLJB 
(Rg53TOAfi^.amongthempyramidalnaron^identlfiedty 
trer triangdar diape at power magrtfication; data not 
dtwn),^xMedadrongnudear a-p65mAt3mmLroreactivtty 
(daV. troMi) indcating both the presenoe of activated tran- 
scriptiorfactorNF- kBandanindudngagidderivecfromthB 
neaty prinrative placjB In brain respons free of senile 
pla:^veryfeMBnti-p6Snmmeactiveodl3Aaedb8Brved 
(Rg5iaderid<^.TNscbsBr/atiorinpostnrvxtemtlsBJ9Aas 
in contrast to fre*ly prepared rodent bransi which have a 
rdatlvdyNchdandtyof a-p66mAb-po9tlveneLronB(152B) 
andhis^ectoeasediBuaiQlactlvity.Takehtogsther/xj- 
dataaogedthatpredaminantlyeerlyplaqLjedagescanennit 




FiG.5. irrmjndistodierrialanalvssDfplaquesinaytialsBdionsofADbraifi^ ai^Sm^t^rnwn(xea^ii^^ 
intmioreadjvity(brw*iaDlor).E»mple90f a-p65nmjnoreacfiN«OBllnudd(arrows)andairrc«idngplaq^ 

far primtiye plaque types ae shown. Reflpcns didant from plaques have reduced a-p65 tmmunaeadi><ty (aderidcs). (Bar 5 50 rrm) 
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a ag^ activating NF-kB in doealy acfaoert norons and 
aatra^ia cf tte cerebral cortec of patierts with AD. 

DISCUSSION 

TheMechailancfNF- k BActiv^lonlyA b.lrtNgtudly.w 
^ in primary netrcnal oitirea thi the transcription 
factoNF- kBcarbepotert lyactivatectjyi u u i Kiarcaxerv 
trsticre of l»th neirotcpcic peptides Ab-(1 -40) and Ab-(25- 
35). CerebeHa- granJe cells were used as a corveriert well 
cha-acterizBdnnodBiofaJt u td a jrons8milaractivationcf 
NF- kBwaadetectednpod nxjtenraBcticntf ronrxxrtexand 
rtppocanpus of patients with AD, a^geding that tHs re- 
^xrBB>Aearx<limitedtooerebellarTaronsTTM b-(25 - 36) 

peptidehaieen*cwtdnduDecwdatl\«aresBnpimary 
neirons and to activate a kB-<tependert reporter gene con- 
dructlntranSertlytranrfectedB12ieureblaslomaoells(ll). 
Here, we drectly oboerved NF-kB activallcn at a sn^e cdl 
leud in both oJtired primary neirons and airocytes and 
prcvidee/idfficethattHssisamayQOCurinapathdogpcal tn 
vivo atuation 

IttB^eenreportedthattheneu-dcpdcactionDfA b rdies 
ortH 202production(ll).HereweSnMhatNF- kBactlvation 
byA bwfl^ra«rtedbyPDTC30onvoutaxMrtcprevert 
cdldarH aOrproducllcnandthe d&XM) phoqphorytaticnand 
SLfceBquertdeGrajationofl kB-a inresponeetoTNFandL-l 
(34,36).Wed8afomdttatthQ^ b-medatecNF- kBactlva- 
tlonooJdbeUod^ecfcyexogsnouscatalaseLTNsrTii^bea 
reait of a catdase catalyzed degradattan of H2Q2. BU. 
surprisr^y,catalasetreatediMththe^fidrNUtor3-anril- 
no1A4-triffide also blocked NF-kB activation A nonerey- 
mrtlc medBriem fa catalasB in Irtibting Ab-medated 
NF-kB activation alsD is SLfforted ty the ^ time rf 
prdncUHtlcr( lh),wttcrt9BL/f identfatlocking,v4iereas 
TNF-medaled NF-kB activation is only docked after apro- 
Icrged fxetreatment (30 h) with ocogsnous cdalaae (25). 
Td<ertogsthBr,thBaBdatasuagedaaructirallrteradionrf 
catalasBMthA b peptkie^independehtofenzynnaticadivity. 
TlmraeqjencemiitbearinterferenoewthA b aggrega- 
tion and yCT recepta bndng. 

Ab to been reported to generate ROIs in the abeenoe a 
cells(32).avetededB(ogenau^ 202forNF- k Badiva tion 
I rtHeLaandJirkatTodldone^SO - 250 rTMde(ogenoudy 
an^lied H2O2 was reqiired to adivste NF-kB (23^ 24). Ca- 
reaxndrg to the inverted U-^eped adivatlon ouve of Ab, 
10-40riM of H2O2 was effidert in adivating NF-kB in 
ce-ebella^anLieoellsPerirudearaggre3atesrfp65ooJdB 
detedednDdl3EDcpo8Bddi£^wrartsrfA b aH 202.0ne 

poesUe ©cplanstion far tNs uvhysdo^cd locati on is an 
aoajnUaticTDfcaraientlyfTxxifietWF- kBduetdncreaaed 
od(btive Stress Fulire dudes with pirified prrtdns will 
further ad±esB tNs qjeSion ^ . . 

Recently, it was dwn that Ab irterads with tachykinn 
receptors (36). Ho«ver. aWance P, one of the nrtiral 
ll^nds d tadiykirin receptor^ failed to adivate NF-kB in 
primary cerebellar yande cells ajggeding that tadv^mn 
receptos wa-e nd In^dved in NF-kB adivatlon ty Ab. 

AllvatecMF- kBnBoinsarPstlenlaAfthAD. IrtNsducV. 
vveprcMdBinriTUJidiStochemicalewidBncethatA b m^^l- 

vde NF-kB in brains from patierts with AD. It muA be 
anpha9zedhatpo8tmortemmaieriaiwesanalyzed,withan 
autdyas time tp to 12 h Diring tHs time, the IkB-diddad 

eptopefor a-p65mAbooddt3ecomee<poQBdQnffia)ecaflB 

d ertm»d prdedy^s HoMwer. a majff arginert again^ 
ach artifidd NF-kB adivatlon is that very favcdis in 
cryoeBdions and paraffin^mbeddad aedtans were immuno- 
readive,exceptforthoBarthBdoBevteiritydcertainplacMe 

stages (aae Rg 5). 

Jv£iypBSd a-p65mAbimmfxxeadlvitywereobeervean 
ADbrainsRrd.eariyplaquedage3Aeredredlyiained,ln 
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pBrticdaoyimitlveplaqueswrtch^wedaslrongreadivtty 

intheiroerter.ThefflmedairingpdtemAaareportedforthe 

inflanmatorycytokindL.6(14),wh08Bgenei*ncvrtd3e 

induddycotrdlecfcyNF- kB(12).Likewse;iL-landnter- 

cellUa3dB9QnnrdecJe1.wrtcharebdhencoded3ytarget 

gsnes fa NF-kB (12). were fond In plac^jes (37. 38). It has 

beena^gededtr^ttecerterofdas^calplaqLiesoortainsan 

adivated microG^ial cell, produdng irflammatory cytokines 

such as IL-6 axJ IL-1 (39) that oodd be produced as a 

consBqiBnoerfadivatecNF- kBKecertly.the^PPganewsas 

IdffTtlfied as a NF-kB target gene (40), explaning the ip- 

regdiion rf ttis gene by IL-1. In addtion, Ab-(25 - 35) can 

dimdatethe©<presaonrflL-1butrctoflL-6(41).Ttwhde 

^^emconastarfeeweralf eedbacWoop^likel L-landAPP, 

wrtch Stimdate their owi synthesis drectly a indredly via 

rr^acE^la adivatlon (39). In this system, NF-kB asems to 

firctlon asaoertrd regdata. NF- kB is preaert In ^fliapees 

(19, 26), 3D the p65 immimeadivity fond within plaQ*s 

nr^tematively(oriraddtion)orignatefromd9ftegrated 

^ff^3ee^42).TheabsBncerfrudearOARdairinE^ranlhB 

plaque certer (data nd ^xvn) wodd aaxxt this model. 

second. a-p65 mAb Imminodaring was seen In neoons 
atl adrodia arraning primitive plac?jes TTesB daxete 
nudea stanirgs indcate the expcare of cells to a drong 
NF- kB-adivatingsgndorignatln^rcmtheplaqueA b idhe 

n^a plaque oomponert, a> Ab is a likely cardd^e The 
redJce*6gmmift«tarinsirtheMdnltyofdaadcdplaquB^ 
ooddDomefromtheprogrefflvdoaBrfneuxrt^^apQptdic 
cdl death (43). 

In tte oortesd rf a neoodagenerative daeaae, or ducV 
m*esalirtemongonBcausativeagert(A b)4XodUdlond 
SBoaKtoyROI agidsiadivaticndNF- kB ,anRO I -indudde 
tranacripticr#arta,andB<p"eaBonrfanLinberofirflamma- 
torygefB^noiArtcberegdatedjyNF- kBBdCMwedacuss 
tte pofflblity tfBt the adivatlon of NF-kB oodd iritiate a 
rBLrodegenerative a neiroprdedive gene ©cpreaaon pro- 
g-am, dependng on the odidar cortext. 

^^aofflbeRolefarNF- k BbiNeurodbflpneratKn. Do auch 
todc canpojxfe as ROIs redly depend on a transcription 
fartortoexerttheimBLrdodoeffed^idTROIdQBBanay 
ndneedranscriptlonale\^shcMa/er.ddiui€0(paare 
tdoAROIdcBeamaydependaTagBneticprogramloexert 
anardcPdoeffed.UponcwdativedreaBiNF- kBmayindce 
the ©(preaaon d gene prolcts with a drect a Indrert 
rBadodcadivity.ajcrtndredneadcMoeffedami^wfill 
bdheconaeqiBncerfNF- kBadivationlndidcdIsOrthe 
dhertOTtcanddtterfomeaonalNF- kBtargetgenesAith 
a dred nafodegenerative effed are the indudde NO ^ 
thaee (44) art IL-6 (45). No«l m^a HdooonipBtlblllty 
oomplexda^ ©cpreaaonindreaBBdrieacneooddwean 
Indred neurodegenerative effed by tarring the cdls fa 
immiftHjrveillance(46).Ofirtere^,dimdallond N-mdhyl- 
D-a^erlateandm N-met hyl- o -a^art stereoeFtoraonoere- 
bdla-graiteneuCTtieadaoarapidadivationrfNF- kBand 
a aisequert aiface expresaon of maja NStooompatibility 
comptec daes I mdecdes (18). 

MataaUeRdefoNF- kBnNeurcprdectkn. Dependng 
athegBr«tlcproQramdaodl.NF- kBmaybeabetoadivate 
©cpresBoi of genes with neircprdedive findior\ eg. in 
neiixiBiw^ereaarieifCdegenerativefLrctiorBaredrectedn 
dia Ttis oodd ©cplain y*y bdh TNF a and b can indjoe 
nanoprctectkYi agdnd Ab-induoed neurand death wlien 
andied 24 h before Ab (47). Reoertly, we fcuid that nerve 
gofllh fada can adivate NF- kB via the p75 neurtrcpNn 
recepta (48). Of irtered, tNs recepta is abindarilly ex- 
preasedonchdinergicneuronsandsneceaBaryfcr^allng 

after leaons (49). , 

AfirtherposadlityiShal^tamdimdiofNF- kBIead 
to neuoprotedtan whereas chroric dirndl, eg, long term 
inotatlm with Ab peptldesi cauae NF-kB irhibttan and 



NaftiUdog/: Kaltschrnict ef af. 



Roc NaB. Acad Si. US\ 94 (1997) 2547 



alscim narodegereratioa A link cf NF-kB activaticn 
ati rBLTcjydectlon is apported by the fdlofling dbEOwa- 
tiore (/) The drongesi NF- kB activation is only fofxl at 
©ctremelylowxjioertratlonarfA b (maximalat0.1 rTt^);( /V) 
tNs irverted U-^Bped activation cuve is fond wth txth 
Ab-{25 - 35)andA b-(1 - 40);( //7)faA b-(1 - 40).accnoert ra- 
tion of Q1 fiM is neifoprotective In cjerebellar ganJe cell 
p^g7YJSsctBre;and( M /amVo only.ear1yplaqjBtyp88are 
ajrrojndad by neurons vyith activated NF-kB. 

TakertCQBther^hesBdatanjersDoreardefcrNF- kB a s 

almmedateaenoyforincreasBdevelsDf ROI anreuons 
Inre^xree to increased ROI le/ds NF-kB coJd drect the 
©cpreaacn of a cdldar defense progam. as *cwn fa the 
immiiie£ydem.Underchronlcatimiialionand ya^irrwJation 
wth amarts of Ab, tNs senGing syatenrj seenns to be 
o«rloadBcl vuth the oonaaquenoe that there vdll be no In- 
crease In ceiliiar buffering nnechaniams fa ROISi and this 
rTd^reaJtirfurthereooerbBtioroftheneuodBgenerative 
prcoes 

TraHJiption facta NF-kB is activated ty Ab, ROI$ and 
Irflanmatorycytddnegrh/arioLBDelltypeecfthBbralnand 
irriuoesanunberrf9enes«thrd©«roefaAD.HenDe,the 
facta may play an importart rde In the d»«Iopmert cf the 
dsease aid define a ncvel dyg target fa dewing dcwn a 
arresting the progresaon cf AD. 

We ttwk A. aWze - ^Decking fa superb technical asas- 
taice Dr. Hifcertus SockingBr (Boerringer Mannheim) is 
g^efiilyackraAiedgadforprwidng a-p65mAbiDr.Franz - 
Joeef aineider (Boehringer Ingdheim) is tharted fa pro- 
vidipA b-(l -40).TN9NDrkv«aBL|:port6dbygrartrfromthe 
Bifidegririderiunfu ~r6lldLrgLWisaen9chaft,FcrschLng,inJ 
Tecfidoge (ahwerpthW AUdmnxrita "t), VdksAagen- 
aiftu^ atj aiiJafuachungtereich SQ6 of the DeUsche 
Fu aiingagemeinachaft. 
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ABSTRACT 

This s^udy describes a miovel tfuntc^tomsill (property o{ ihe 
®ul!xairyoiic tirsinisceipitioiri Usicioir NF-xH Dn sitHeiriinig Hdii® 
ONA stiructiBire. We obseirved ihsfi ^e bintdirtg oil puriM 
NF-xl3 to DNA vvss taciHIMed by speirmlin® sind cations 
vifhlelh) ©ire bmot^vini to promoto ONA beirtdiinig, and by a 
nicEt in one position at Uie S'-end off the binding site. 
Furthenmoire, the position off the NF-xB binding 
sequence 5'-GGGACTTTCC-3' (xB motlff) within 
circulariy permutated DNA ffiragments had a profound 
InfOuence on the mobility off NF-xB-ONA completes in 
a gel iretardation assay vvhile the mobility off unbound 
DNA ffragments did not depend on the positton of the 
xB motiff. The mobolity effffect ^as slightly (reduced at 
increased tempeoratuire. These obsetrvatlons suggested 
that binding off NF-^B to ONA induces bendSng. The 
estiimated bending angle induced by the SO-t(D ONA 
binding subunit off NF-xB (p50) ms smniaBleir than that 
induced by p50 ij^hich ms associated vvith the SS-CtD 
non-DNA binding subunit (p65). Rfloireover, the 
presence of p65 appeaired to iresullt on a shifft off the 
bending center ffrom the middle to^^ards the 3'-end off 
the xB motiff. This shorn a role ffor the pS5 subunit off 
NF-xB in modulating the e^ttent and altering the 
position of protein-Induced DNA bending. 



INTRODUCTION 

The NF-xB transcription factor can induce the expression of 
genes in different cell types by binding to decamenc sequence 
motifs in promoter and enhancer elements (for reviews see 1 -3). 
Most of its target genes encode proteins that are rapidly induced 
as part of immune and acute phase responses and during 
inflammatory processes. These proteins include immuno- 
receptors, acute phase proteins, cytokines and cytokine receptors. 
NF-xB can very rapidly activate genes because the protein is 
already present in unstimulated cells and requires for its activation 
only the release fix>m its inhibitory subunit IxB and translocation 
from the cytoplasm into the nucleus (4). Viruses, T cell mitogens, 
bacterial lipopolysaccharide, cytokines and various other agents 



can activate the transcription factor (for reviews see 2,3). 
Phosphorylation of IxB by protein kinases appears to be an 
important trigger for the activation of NF-xB (5,6). 

NF*xB exists as various multiprotein complexes. The simplest 
DNA binding form of NF-xB is composed of a dimerized 
50 kd protein (p50) (7). It can be obtained ftx>m a heterotetrameric 
complex of NF-xB, which contains in addition to p50 two 65 
kd non-binding subunits (p65), by electrophoretic separation of 
p50 under denaturing conditions followed by its renaturation. At 
present, it is unclear whether the p50 dimer has a physiological 
relevance or is an artifact. The prominent DNA-binding form 
of NF-xB m nuclei of activated cells is the heterotetramer. The 
non-DNA binding cytoplasmic NF-xB from unstimulated cells 
is a heterotrimeric complex composed of p50, p65 and IxB (8). 
Presumably, IxB prevents in this complex that two p50-p65 
heterodimers can assemble to a heterotetramer. The p65 subunit 
serves as a recq>tor for the inhibitory subunit IxB (9) and is 
therefore required by NF-xB to become inactivated again by IxB. 
This can occur even when NF-xB is bound with high affinity 
to DNA (8). 

An additional role of p65 in the nuclear form of NF-xB is to 
modulate the DNA-binding specificity of p50 (9). While, in the 
absence of p65, the p50 dimer can bind with high affinity to 
completely palindromic binding sequences, the heterotetramer 
binds with a 10- to 20-fold lower affinity to these sites but shows 
a two-fold increased affinity for the less symmetric xB motif 
5'-GGGACTTTCC-3'. It is not yet understood how the 
multiprotein complex of NF-xB can initiate the synthesis of 
mRNA as a consequence of its binding to enhancer and promoter 
elements, and whether p65 is required for transcriptional 
activation. 

In this study we have investigated whether binding of NF-xB 
alters the structure of DNA. A distortion of DNA structure that 
in prokaryotic systems is apparently involved in the control of 
transcription is DNA bending (10,1 1). Bending occurs either as 
an intrinsic property of DNA or is induced after sequence-specific 
binding of proteins (for reviews see 12-14). Here we report 
that DNA is strongly bent upon binding of NF-xB and that the 
non-DNA binding 65 kD subunit of NF-xB modulates the extent 
and alters the position of DNA bending. 



« To whom correspondence should be a dd i essed 



6498 Nucleic Acids Research, Vol. 18, No. 22 



RESULTS 

Polyamines and metallic cations facilitate binding of NF-xB 
to DNA 

Using electrophoretic mobility shift assays (EMSAs), we have 
tested the influence of polyamines and various metallic cations 
on binding of NF-xB to an oligonucleotide encompassing the xB 
binding motif 5'-GGGACTTTCC-3' (Fig. 1 A). The NF-xB was 
DNA affmity-purified from cytosol of human placenta after its 
activation by a low pH-treatment (8). It was composed of both 
50 and 65 kD protein subunits (referred to as heterotetrameric 
NF-xB) and was indistinguishable from active nuclear NF-xB 
(15). In the EMS As shown in Figure 1 (A and B, lane 1) a 
concentration of NF-xB was used which gave only a barely 
detectable amount of protein-DNA complex. A dramatic increase 
in the amount of the complex was obtained if spermine was 
included in the binding reactions (Fig. 1 A, lanes 2-5). Optimal 
complex formation was seen with 0.5 mM spermine. Spermidine 
had a similar although weaker effect (data not shown). Spermine 
has been reported to promote and stabilize structural alterations 
of DNA such as bending (16). It is therefore possible that the 
increased binding of NF-xB to DNA in the presence of spermine 
resulted from a structural alteration of the target DNA sequence 
by the polyamine. Alternatively or in addition, polyamines could 
exert their effect by stabilizing the protein subunit structure of 
NF-xB. 

We also tested various metal cations which have been reported 
to promote DNA bending (16,17) for their effect on the DNA 
binding of NF-xB (Fig. IB). While 1 to 10 mM Mg2+ barely 
increased DNA-binding of the transcription factor (Fig. IB, lanes 
2 to 4), Ca2+, Ba2+ and Co3+(NH3)6 cations induced a 
significant dose-dependent increase in the amount of the NF-xB- 
DNA complex (lanes 5 to 13). The maximal effects were seen 
with 5 mM Ca^*, 1 mM Ba^^ and 25 fiM Co3+(NH3)6. These 
concentrations were similar to those at which the metal cations 
were previously shown to exhibit optimal alteration of DNA 
structure. The enhancing effect by both polyamines and various 
metallic cations suggests that the interaction of NF-xB with DNA 
is facilitated by modification of the cognate DNA structure rather 
than by a direct interaction of the agents with the protein. 

Selective binding of NF-xB to niclced DNA 

Support for the idea that bending or kinking of DNA facilitates 
binding of NF-xB came from a hydroxyl radical missing contact 
analysis (19). This method allows to investigate the effect of 
specific nicks in the DNA backbone on the binding of proteins. 
For that purpose, the DNA was OH-radical treated prior to its 
use in EMSAs. It is not yet clear whether the OH-radical 
treatment solely nicks DNA or, in addition, removes a nucleoside. 
The ^P-end-labeled DNA fragment used in an EMSA (Fig. 2A, 
lane I) showed a regular accessibility for hydroxyl radicals (Fig. 
2 A, lane 5; 2B, panel 1) and no strikingly unusual DNase I 
digestion pattern in the xB motif suggesting that the NF-xB 
binding site had no unusual structure prior to the binding of 
protein {19,20)(Fig. 2A, lane 2). The conditions for the OH- 
radical treatment were chosen such that on an average only a 
single nick per DNA molecule was produced. Among the OH- 
radical treated DNA-fragments that were bound by NF-xB, the 
amounts of those species were found decreased which were 
damaged by a nick within the decameric binding motif 5'-GG<j- 
ACTTTCC-3' (Fig. 2A, lane 6; 2B, panel 2). There was no 
single position within this binding motif where a nick could 
completely prevent the interaction of NF-xB with DNA (Fig. 
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Fig.l. TKe effects of spermine and metallic cations on the DNA binding of purified 
NF-xB. (A) The indicated concentrations of spennine in mM were included in 
a standard DNA binding reaction (15). followed by addition of highly diluted 
affinity-purifted heterotetrameric NF-xB (less than 20 pg of protein). The control 
(lane t) was run on the same gel. The ^^P-endlabeled DNA probe (0. 1 ng) was 
a synthetic double-stranded 30-nier oligonucleoCkle encompassing sequences from 
the X light chain enhancer (20). (B) The indicated concentrations of the chloride 
salts of Mg2*. Ca^* and Ba^* (all in mM) and of Co'+CNHj)^ (in fiM) were 
used in EMSAs. Huorograms of native gels are shown. The filled arrowhead 
indicates the position of the NF-xB-DNA complex and the open one the position 
of unbound DNA probe. 



2B, panel 2). Missing contacts in the 3 '-half site of the decameric 
motif interfered with binding of NF-xB more strongly than those 
in the 5'-half site, as is evident from the scan shown in Fig. 2B 
(panel 2). 

A DNA fragment that was nicked in the next position 
downstream of the 3 '-end of the binding motif was found highly 
enriched in the NF-xB-DNA complex and was present in a 
reduced amount in die fraction containing unbound DNA (Fig, 
2A, compare lanes 6 and 7; 2B, compare panels 2 and 3). It 
appears that the binding of NF-xB to its cognate DNA was greatly 
facilitated if there was a nick at the 3'-end of the motif. The result 
with NF-xB is reminiscent to one obtained with the bacteriophage 
434 repressor which recognizes an operator sequence with a 
single nick in its center with a higher affinity than the intact site 
(21). 

NF-xB induces an asymmetric bending of the xB motif 

The above observations prompted us to test directly whether NF- 
xB is capable of inducing a DNA bend or kink, or of increasing 
locally the flexibility of DNA. Circular permutation mobility shift 
assays (CP-EMS As) were used in many instances to demonstrate 
that certain DNA sequences, or the binding of proteins to DNA, 
cause an alteration of DNA structure (22,23). An oligonucleotide 
encompassing the NF-xB binding site 5'-GGGACTrTCC-3' and 
flanking sequences from the mouse x light chain enhancer was 
inserted into a vector allowing circular permutation of the site 
(24). Eight 146 bp long restriction fragments (A-H) were isolated 
from the vector pUC-xB-Bend which contained a single NF-xB 
binding motif in various positions (Fig, 3A). After ^^P- 
endlabeling, the DNA fragments were used in EMSAs to form 
complexes with the heterotetrameric form of NF-xB. A strong 
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Fig.2. Missing contact analysis of NF-xB DNA binding. (A) Purified NF-xB 
(approximately 7 fmoles) was incubated with a hydroxyl radical-treated DNA- 
fragmcnt (lane 5; 70 fmoles). The DNA binding reaction was subjected to native 
gel electrophoresis. Bound (lane 6) and free DNA (lane 7) was isolafisd and 
processed as described (37). DNA was treated as indicated on top of the lanes 
and subjected to electrophoresis on denaturing gels. Fhiorograms are shown. (B) 
Scans of fluorogram lanes 5, 6 and 7. The arrows indicate the position of a G 
residue the absence of which focUitated NF-xB binding. 



effect of the position of the binding site on the mobility of the 
piotein-DNA complex was evident (Fig. 3B). Fragments with 
the binding site in the middle formed complexes with NF-xB 
which migrated much slower than complexes containing 
fragments where the xB site was located closer to either end. 
The mobilities of fragments that bind NF-xB in the middle (E) 
or at the end (A) showed an almost two-fold difference indicating 
a strong alteration of DNA structure. When the DNA fragments 
were not bound to the protein they all showed a very similar 
mobiliQr in the 8% polyaciylamide gel used (Fig. 2B). This result 
suggests that the permutated DNA fragments did not differ in 
their presumably linear structure and that the xB motif displayed 
no anomalous DNA structure on its own. 

The specificity of NF-xB binding was tested in a competition 
analysis (data not shown). A 50-fold molar excess of an unlabeled 
double-stranded 30 bp oligonucleotide containing an homologous 
xB motif abolished the radioactive complex formation while the 
same amount of a 30 bp oligonucleotide with the mutated xB 
motif 5'-GGGAATCTAA-3' had no significant effect. A 
radioactively labeled 120 bp Xhol fragment from the pUC-Bcnd 
vector with no inserted xB oligonucleotide was not detectably 
bound by NF-xB. 

A quantitation of the results from the CP-EMSA is shown in 
Figure 3C. The relative mobilities of NF-xB-DNA complexes 
were plotted against the position of the center of the decameric 
binding site within fragments A to H. When the center of bending 
was determined by extrapolating the flanks of the curve (22,25) 
it became evident that the center of bending did not match with 
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Fig.3. Circular permutation mobility shift assay with heterotetrameric NF-xB. 
(A) Eight 146 bp long fragments (A to H) were isolated from pUC-xB-Bcnd 
by cleavage with the indicated restriction endonucleases. The sequence of the 
inserted double-stranded oligonucleotide is shown with the decameric NF-xB 
binding site boxed. (B) The ^P-«ndlabelcd DNA fragments were incubated with 
heterotetrameric NF-xB and subjected to electrophoresis on a native 8% 
polyacrylamkfe gel. A fluorogram is shown. The solid line on top marks the starting 
position of the samples. The filled arrowhead and the bracket indicate the positions 
of NF-xB-DNA complexes of various mobilities, the open arrowhead the position 
of unbound DNA fragments. (C) The ratios of mobilities of NF-xB-DNA 
complexes (/i Complex) to those of the unbound fragments (ft DNA) is plotted 
against the position of the center of the NF-xB binding site within the 146 bp 
firaginems. Dashed Unes are an extrapolation of the Oanks of the curve (22), and 
the fiUed amiwhead indicates the ceoter of bending. The open ar^ 
the position of a hypothetical bending center which is obtained if bending would 
occur in the middle of the xB motif. 



the center of the xB motif but was located at its 3 '-end. This 
position overlaps or even coincides with the site where a nick 
in the DNA promotes binding of NF-xB (see Fig. 2). The data 
suggest that the heterot^rameric form of NF-xB containing the 
non-DNA-binding 65-kD subunit alters the DNA asymmetrically 
with respect to the center of the xB binding motif. 

We have tested in CP-EMSAs the influence of various physical 
parameters on the mobility differences induced by NF-xB. To 
distinguish DNA bending from an increased flexibility of DNA, 
which can be caused by protein-induced melting or untwisting 
of DNA (26), we investigated the temperature dependence of the 
effects seen in CP-EMSAs. The mobility difference seen with 
fragments A and E at 4*C (Fig- 3) was reduced by only 6% if 
the gel was lun at 37°C (Tab. 1) demonstrating that NF-xB alters 
the DNA structure also at a physiological temperature. The weak 
sensitivity towards increasing the temperature is consistent with 
bending of DNA. If NF-xB would partially melt the DNA, an 
increased temperature should augment rather than decrease the 
difference in mobility between complexes formed witii circularly 
permutated DNA fragments. Alterations of the run length and 
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Table 1. Results from circular permutation mobility assays. (A) Five assays under 
different conditions were performed with purified heterotetrameric NF-xB. The 
changed parameters are underlined. Experiment 1 is shown in Figure 3B. Bending 
angles were estimated according to Thompson and Landy (28). (B) Two 
independent experiments were performed with NF-^B consisting solely of p50 
homodimers. Experiment 6 is shown in Figure 4A. 
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the electric field had no or only a minor influence (Tab. 1). The 
only parameter that substantially reduced the ratio of mobilities 
was a lower polyacrylamide concentration of the gel. Presumably, 
the larger pore size decreased the resolution of the gel for 
differences in the shape of the various protein-DNA complexes. 

Dislamycin, a drug binding to the minor groove (27), was 
incubated with the DNA prior to addition of heterotetrameric NF- 
xB. It did not interfere at concentrations between 2.5 pM and 
2.5 ;iM with the effect of spermine or the formation of a NF- 
xB-DNA complex (data not shown). The drug also did not alter 
the mobilities of complexes formed by NF-xB with the circularly 
permutated DNA fragments. This indicates that minor groove 
contacts of NF-xB are irrelevant for high affinity binding and 
DNA bending. 

p65 can modulate the extent and position of DNA bending 

The experiments described so far were performed with the 
heterotetrameric form of NF-xB which contains in addition to 
two DN A-binding p50 molecules also two non-DNA-binding p65 
molecules. We have in the following investigated the influence 
of the p65 subunit on the various effects of NF-xB in CP-EMSAs 
by using a form of NF-xB which is devoid of p65 (7). In the 
absence of p65, the p50 DNA-binding subunit can form a dimer 
in solution and is bound to DNA as a dimer. As is characteristic 
for many dimerized DNA-binding proteins, p50 can bind with 
high affmity to completely palindromic motifs (9). 

We have tested in CP-EMSAs whether the asymmetric 
alteration of the xB motif found for the heterotetrameric form 
of NF-xB depends on the presence of p65. p50 dimer was 
obtained by renaturing p50 which was separated from p65 on 
an SDS-polyacrylamide gel (7,9). Binding of the p50 dimer to 
the circularly permutated DNA fragments resulted in significantly 
smaller mobility differences than seen after binding of the 
heterotetiamer. The mobility difference obtained with fragments 
that bind the p50 dimer in the middle or at the end was at most 
1 .25-fold (Fig. 4; Tab. 1), as opposed to almost two-fold in the 
presence of p65 (Fig. 3). The bending angles (a) induced by the 
heterotetramer and p50 dimer were estimated by the empirical 
equation /iM/^^=cosa/2 (28) from the ratio of the relative 
mobilities of complexes Qi) containing DNA fragments with the 
binding site in the middle (M) or at the end (E) (Tab.l). 
According to this approximation, the heterotetramer induced a 
bending angle in the order of 1 10^ and the p50 dimer an angle 
of only 75° (Tab. 1). This shows that p65 increased the bending 
angle induced by p50. 

Also the bending center obtained with the p50 dimer was 
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Fig.4. Circular permutation mobility assay with homodimeric p50 NF-xB. For 
details of the illustration see legend to Figure 3. (A) Purified homodimeric NF- 
vB which was prepared as described earlier (7) was reacted with the eight circularly 
permutated DNA fragments followed by analysis of protein-DNA complexes in 
native gels. A fluorogram is shown. (B) Quantitation of the results and 
determination of the bending center. Note that the scale on the ordinate is distinct 
from that of Figure 3C. 



distinct from that seen with the heterotetramer. It was located 
precisely between fragments D and E and thus overlapped with 
a position corresponding to the center of the xB motif (Fig. 4B). 
Apparendy, the p50 dimer makes a more even contact with the 
binding motif than the heterotetramer, resulting in a more 
synunetric bending of the xB DNA motif. From these results 
we conclude that the non-DNA binding 65-kD subunit of NF- 
xB can also alter the site of bending. 

DISCUSSION 

This study provides evidence that binding of the NF-xB 
transcription factor alters the structure of DNA. The alteration 
is most likely a bend or kink of the otherwise linear target DNA 
which is located within or close by the decameric binding site 
for NF-xB depending on die association of the p50 dimer with 
the 65-kD subunit. DNA bending was evident from the effect 
that the position of the protein binding site within DNA ft^gments 
of identical length influenced the mobility of the NF-xB-DNA 
complexes. The relative temperature-independence of the mobility 
shifts indicated that die change in DNA structure induced by the 
transcription factor was a bending of DNA rather than a local 
increase in its flexibility. This is supported by the observation 
that the binding of NF-xB to DNA is facilitated in the presence 
of various agents known to promote and stabilize DNA bending. 

The structural alteration induced by the p50 dimer could be 
a bend which stretches evenly over the entire decameric binding 
sequence or a kink which is localized in the center of the motif. 
It is also possible that two kinks induced by each of the two p50 
molecules add up their angles depending on their distance to each 
other. In case of the heterotetramer, an additional kink at the 
3 '-end of the binding sequence could be induced which adds up 
its angle to that of a weaker central kink or to that of a kink located 
in the 5'-half of the motif. Alternatively, a bend or kink is shifted 
from the center towards the 3 '-end of the motif and its angle is 
increased by the action of p65 onto p50. 

The experiments shown in Figures 1 and 2 suggest that binding 
of NF-xB to linear DNA is energetically less favorable than 
binding to nicked or bent DNA, presumably because the 
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electrostatic repulsion of phosphate groups in the DNA backbone 
poses an energy barrier upon bending. When negative charges 
are neutralized by bound spermine or metallic cations, or the 
flexibility of the DNA is increased by a nick in the backbone, 
the energy requirement for bending is lowered and, as a 
consequence, binding of NF->rB to DNA is enhanced. By analogy 
with the DNA bend induced by the CAP protein (29), we assume 
that the NF-xB-induced DNA-bending requires and the bend 
subsequently stores free energy. We recently demonstrated that 
the inhibitory subunit of NF-xB, IxB, can effectively increase 
the dissociation rate of a high-affinity NF-xB-DNA complex (8). 
This involved the dissociation of protein-protein interactions in 
the DNA-bound heterotetramer by IxB. The velocity of such a 
reaction might be gready enhanced by releasing the energy tfiat 
is stored in the protein-induced bend. 

The DNA-binding motife of two otfier transcription &ctors that 
induce bending, CBF/SRF (30) and the papilloma virus type 1 
protein E2 (31), show a striking similarity to that of NF-xB. 
CBF/SRF binds to the consensus sequence CC(A+T-rich)6GG 
and the E2 protein to ACCN6GGT. The consensus of «B sites 
can be written as GG(A+T-rich)6CC or GGNeCC and thus 
differs from the two other sites only in the synunetry but not 
in the spacing of G and C clusters. (The p50 dimer can bind 
with high affinity to the xB motif 5'-GGAAATTTCC-3' (9).) 
The consensus motif CNNG(A+T-rich)6CNNG for the bend- 
inducing heat shock transcription factor (32) seems to be more 
distanUy related but again an A-T-rich central sequence of six 
nucleotides is flanked by conserved C and G residues in a 
palindromic arrangement suggesting that bend-inducing DNA- 
binding proteins have related cognate motifs. 

The significance of DNA-bending for stimulation of 
transcription is unclear. In eukaryotic genes, bent DNA segments 
might act as cis-acting elements, as it has been demonstrated in 
prokaryotes (10, 1 1). For instance, in the gal promoter of E. coli 
an intrinsically bent DNA fragment can functionally substitute 
for the binding site of the DNA-bending CAP transcription factor. 
Swap experiments in which NF-»B binding motifs are replaced 
by intrinsically bent DNA fragments and experiments 
investigating the correlations between the bending angle induced 
in a kB motif, the affinity of a motif and its cis-acting potential 
would allow to test the effect of DNA bends on transcriptional 
initiation in eukaryotes. 

Most of the cunentiy identified NF-xB binding sites are of 
reduced symmetry and consist of pentameric half sites which are 
distinct in their degree of sequence conservation (15). The more 
conserved half site A has the consensus 5'-GGGPuN-3' while 
the second half site B tolerates a much broader variation of 
sequence. In the xB motif 5'-GGGACTTTCC-3', which is most 
frequentiy found in enhancer elements, half site A appears to 
be recognized with higher affinity by the protein than half site 
B, as suggested by competition experiments using isolated xB 
half sites within identical flanking sequences. The relationship 
between Uie synunetry of NF-xB binding motifs and die affinity 
of binding, and die role of the p65 subunit for the sequence 
recognition by p50 was investigated in a subsequent study (8). 
It was shown that, if p50 is associated with the p65 subunit, die 
physiological xB motif 5'-GGGACTTTCC-3' is bound with a 
two-fold higher affinity whereas completely palindromic motifs 
are recognized widi a more than ten-fold lower affinity by p50. 
The data suggested that the interaction of p50 with DNA is altered 
by the non-DNA binding 65-kD subunit of NF-xB. The effect 
of p5S on the p50-induced bending observed in the present study 



parallels the effect of p65 on the DNA sequence recognition by 
p50: p65 seems to cause an unequal interaction of the pSO 
molecules with the decameric cognate sequence. In one case, this 
is evident from the shift of the bending center towards the 3'-end 
of the motif, in the other case, by the preference of the 
heterotetramer for binding motifs of reduced symmetry and half 
sites of distinct sequence conservation. It is likely that these 
observations are directiy related. 

We assume that each half site of the xB motif is bound by 
one p50 molecule in a head to head orientation. The p50 
molecules in die NF-xB homodimer appear to interact equally 
widi die half sites of die xB motif 5'-GGGACnTCC-3' widi 
respect to the induction of DNA bending aldiough the half sites 
are recognized with a slightiy distinct afflnity by the p50 
molecules (9). The pSO molecules in die NF-xB heterotetramer 
recognize the half sites of the xB motif not only with different 
affinity but, in contrast to the dimer, the p50 molecules appear 
to subject their half sites differendy to a structural modiflcation. 
This raises the possibility diat the two p50 molecules in the 
heterotetramer are modified by the p65 molecules such that they 
received distinct DNA-binding and -bending properties. It is 
however hard to envision how two indistinguishable p55 
molecules in the heterotetramer can give raise to two distinct p50 
molecules. An alternative possibility is that both pSO molecules 
are still functionally equivalent but are altered in their quartemy 
structure by p65. We indeed have evidence diat die p50 molecules 
in the heterotetramer are differendy linked than in the dimer 
(M.B. Urban and P. A. Baeuerle, in preparation). An alternative 
determinant for their differential interaction with the half sites 
of the xB motif would than be the distinct DNA sequences of 
die half sites. Half site B might preferentially undergo bending 
because it has a higher content of A and T bases. Certain A-T 
rich DNA stretches from kinetoplast DNA were shown to bend 
even in the absence of proteins (33). One pSO molecule would 
bind the more conserved 5'-half site A with high affinity, which 
serves to stabilize the protein-DNA interaction, while the second 
p50 molecule binds more weakly to the less conserved 3 '-half 
site B but can alter its helical structure. Further studies are 
required to investigate the sequence of events leading to NF-xB- 
DNA recognition and to obtain a more highly ressolved picture 
of die DNA structure induced by pSO in die absence and presence 
of the p55 subunit. 

I^ATEB^OALS mu C^ETMODS 
OEigonucleotides md vectors 

Oligonucleotides were synthesized on an Applied Biosystems 
syndiesizer and purified on cartridges (Applied Biosystems) 
according to the instructions provided by die manufacturer. 

An EcoRI-Hindin fragment from die pBend2 vector (23) was 
cloned into an EcoRI-Hindm cleaved pUC9 vector (34). pUC- 
;rB-Bend resulted from the insertion of a 30 bp oligonucleotide 
(Fig, 3A) widi Sail linker sites into die Sail opened pUC9-Bend. 
Fragments of identical length were excised from the plasmid by 
the indicated restriction endonucleases (all purchased from 
Biolabs). 

Electroplfioretic mobility shift assays 

The conditions for die standard EMSA are described elsewhere 
(15,35). The oligonucleotide used as DNA probe in Fig. 1 was 
labeled widi a-f^^PJ-dCTP by die Klenow polymerase 
(Boehringer). 
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Modifications of EMSA conditions that were applied with the 
circularly pennutated DNA fragments are indicated in Table i. 
Phosphatase-treated circularly permutated DNA fragments were 
end-labeled with polynucleotide kinase (Biolabs) as described (36) 
and purified on an polyacrylamide gel followed by electroelution. 
For one assay approximately 10,000 c.p.m. (Cerenkov counting; 
4.5 fmoles) were used. Two hundred nanograms of poly(dl-dC) 
(Pharmacia) were included per assay. The NF-xB proteins were 
purified as described earlier (7,8,15). 

Hydroxy! radical missing contact analysis 

A double-stranded 30 bp oligonucleotide with the NF-xB site 
5'-GGGACnTCC-3' and flanking sequences from the mouse 
X light chain enhancer (sequence in ref. 15) was cloned into the 
Hindm and Sail sites of tfie Bluescript minus vector (Stratagoie) 
and ^^P-labeled at the 5 '-end by a strategy analogous to that 
described previously (37). Hydroxyl radical treatment of the 
labeled DNA was as follows: 650 fmoles of DNA in 25 mM 
HEPES-KOH, pH 7.5, and 150 mM NaCl were incubated for 
various times with 10 mM ascorbic acid, 10 fiM 
(NH4)2Fe(S04)2. 20 mM EDTA and 0.3% H2O2. Reactions 
were stopped by the addition of 10 mM thiourea, 2 mM EDTA 
and DNA was precipitated with linear polyacrylamide. The extent 
of the reaction was determined by electrophoretic analysis. The 
sample with a ratio of reacted to unreacted DNA of 3:10 was 
used for EMSA. 
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A rapid purification procedure for the NF-xB tran- 
scription factor from the cytosol of human placenta is 
demonstrated which exploits the insensitivity of the 
NF-xB DNA complex toward the intercalating agent 
chloroquine. Purified NF-xB required 100 mM KCl or 
NaCl and a pH of 7.5 to optimally bind to DNA. Equi- 
librium of binding was reached within less than 5 min 
in the absence of competitor DNA and after 1 h in the 
presence of 0.1 mg/ml poly(dl-dC). DNA binding of 
NF-kB was specifically blocked by the chelating agent 
1,10-orthophenantroline and could only be reconsti- 
tuted by addition of Zn^"*^. Under optimal binding con- 
ditions» the dissociation constant for the complex of the 
purified NF-xB with its most frequent cognate DNA 
motif 5'-GGGACTTTCC-3' was in the range of 10"** 
to 10'*^ M. Various other cis-acting xB motifs were 
recognized by NF-xB with lower affinities. A compar- 
ative analysis of known NF-xB-binding sites and com- 
petition experiments with synthetic polynucleotides 
and oligonucleotides encompassing only one half-site 
or single-stranded xB motifs suggested that the two 
DNA-binding monomers in the NF-xB protein complex 
can interact differentially with the half-sites of the 
decameric cognate motif* 



The NF-xB transcription factor is a sequence-specific 
DNA-binding protein (Sen and Baltimore. 1986a) that initi- 
ates transcription (Kawakami et ai, 1988) from a variety of 
genes that are all involved in immune response, acute phase, 
and inflammatory processes (for reviews, see Lenardo and 
Baltimore, 1989; Baeuerle and Baltimore, 1991). The active 
form of NF-xB is a heterotetramer which contains two 50- 
kDa DNA-binding polypeptides (p60) (Kawakami et al, 1989) 
to which two 65-kDa non-DNA-binding polypeptides (p65) 
are attached (Baeuerle and Baltimore, 1989). Only dimerized 
p50 appears to bind with high affinity to DNA. Apparently 
uninfluenced by p65, p50 recognizes the decameric sequence 
5'-GGGACTTTCC-3' and variations thereof. 

In most cells, NF-xB resides in a latent form in the cyto- 
plasm which can be activated in vivo by a great variety of 
agents including cytokines, viral transactivator proteins, and 
activators of protein kinases (Baeuerle and Baltimore, 198da, 
1988b; for reviews see Lenardo and Baltimore, 1989; Baeuerle 
and Baltimore, 1991). In vitro, NF-xB can be activated by 
treatment of cytosolic fractions with sodium deoxycholate, 
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schung und Technologic. The costs of publication of this article were 
defrayed in part by the payment of page charges. This article must 
therefore be hereby marked "advertisement'^ in accordance with 18 
U.S.C. Section 1734 solely to indicate this fact. 
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formamide, or by electrophoretic size fractionation (Baeuerle 
and Baltimore, 1988a). The inducible form of NF-xB is sta- 
bilized by a specific inhibitory subunit of NF-xB, called IxB 
(Baeuerle and Baltimore. 1988b). In complex with IxB, NF- 
xB is a heterotrimer composed of IxB-a (37 kDa) or IxB-|5 (43 
kDa), p50 and p65 (Zabel and Baeuerle, 1990). The I/cB 
variants presumably keep NF-xB inactivated by preventing 
the dimerization of the DNA binding p60. NF-xB can be 
inhibited in vitro by IxB only if p65 is bound to p60 (Baeuerle 
and Baltunore, 1989). Recent data from our laboratory suggest 
that one function of the p65 subunit in the inducible form of 
NF-xB is to serve as receptor for IxB^ (Urban and Baeuerle, 
1990). In the active nuclear form of NF-xB, p65 serves as a 
modulator of the DNA binding specificity and is perhaps 
involved in transcription initiation. 

There is evidence that IxB is inactivated and subsequently 
dissociated from NF-xB by its phosphorylation through pro- 
tein kinase C (Shirakawa and Mizel, 1989; Ghosh and Bal- 
timore, 1990). Following dissociation of IxB and association 
of two p50-p65 heterodimers, NF-xB can enter the nucleus 
and activate genes upon binding to various xB motifs. In that 
way. NF-xB actively participates in cytoplasmic nuclear sig- 
naling (Baeuerle and Baltimore, 1988b). 

The predominant form of active NF-xB from nuclear ex- 
tracts and deoxycholate-treated cytosol is heterotetrameric as 
indicated by the mobility of protein/DNA complexes in 
EMSA^ (Baeuerle and Baltimore, 1989). We therefore studied 
the DNA binding activity of the form of NF-xB which con- 
tains both the p50 and p66 proteins. We report here on a 
rapid purification procedure for NF-xB, the kinetics of DNA 
binding, a Scatchard analysis of the DNA binding affinity, 
and on the ion, pH, and temperature requirements for optimal 
DNA binding. Data from competition experiments with syn- 
thetic polynucleotides and various oligonucleotides encom- 
passing physiological xB motifs, xB half-sites, and single - 
strands from xB motifs as well as a comparative analysis of 
known NF-xB-binding sites suggest that the two p50 subunits 
in the NF-xB complex can interact differentially with the 
half-sites of decameric cognate motifs. Our study might help 
to distinguish other DNA-binding proteins that can also in- 
teract with xB motifs from NF-xB. 

EXPERIMENTAL PROCEDURES 

Materials and C/iemicaZfi—DEAE-Sephacel and Cm-Sepharose CL- 
6B were purchased from Pharmacia LKB Biotechnology Inc. and the 
DNA affinity resin (multimerized icB DNA motifs attached to cyan- 
ogen bromide-activated Sepharose 4B) was prepared as described 

* U. Zabel and P. Baeuerle, unpublished data. 

* The abbreviations used are: EMSA, electrophoretic mobility shift 
assay; IL-2, interleukin-2; SDS, sodium dodecyl sulfate; HEPES, 4- 
(2-hydroxyethyl)-l-piperazine€thane8ulfonicacid; EGTA. [ethylene- 
bis(oxyethylenenitrilo)]tetraacetic acid. 
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(Baeuerle and Baltimore, 1989). Chloroquine. Nonidet P-40, cyano- 
gen bromide-activated Sepharose 4B, 1,10-orthophenanthroline, and 
bovine serum albumin (No. 7409) were supplied by Sigma. The 
synthetic polynucleotides poly(dA-dT) and poly(dG-dC) were pur- 
chased from Boehringer Mannheim and poly(dl-dC) from Pharmacia. 

Oligonucleotides and La6e/in^— Oligonucleotides were synthesized 
by the phosphoramidite method on an Applied Biosystems Synthe- 
sizer followed by purification on oligonucleotide purification car- 
tridges (Applied Biosystems) according to the instructions provided 
by the manufacturer. All double-stranded oligonucleotides were 30- 
mers with Hindlll and Sail linker sites on the 6'- and 3 '-ends, 
respectively, which were annealed from 26-mer8, The sequence of the 
"xB** oligonucleotide used as radioactive DNA probe was as follows: 

5' - AGCTTCAGAGGGGACTTTCCCAGACG- 3 ' 

3 ' - AGTCTCCCCTGAAAGGCTCTCCAGCT - 5 ' 

The oligonucleotides used for competition had identical length and 
linker sites. Their decameric kB motifs were also placed in the center 
of the DNA fragments and had five base pairs of the flanking 
sequences found in situ. For use in EMSAs» the double -stranded icB 
oligonucleotide was labeled with [a-^^PldCTP (Amersham Corp., 
3,000 Ci/mmol) by the Klenow polymerase (Boehringer Mannheim) 
and gel-purified on low melting agarose gels as described (Schreck 
and Baeuerle, 1990). 

Affinity Purification of /^F-kB— The initial purification steps by 
conventional procedures were described in detail elsewhere (Zabel 
and Baeuerle, 1990). Briefly, one human placenta was homogenized 
in hypotonic buffer and proteins in the high speed supernatant 
precipitated in 40% saturated ammonium sulfate. Dialyred fractions 
were subjected to anion -exchange chromatography on DEAE-Sepha- 
cel. Fractions containing NF-kBJicB complex were pooled, dialyzed, 
and subjected to cation-exchange chromatography on Cm-Sepharose 
CL-6B at pH 5.5. This treatment induced dissociation of the NF-icB- 
KB complex and separation of activated heterotetrameric NF-icB and 
IkB into distinct column fractions. The further purification of UB 
variants is described elsewhere (Zabel and Baeuerle, 1990). The 
fractions containing activated NF-<cB were pooled and diluted by one 
volume of buffer H (20 mM HEPES, pH 7,9, 20% glycerol, 2 mM 
dithiothreitol, 0.5 mM EDTA, 0.25 mM EGTA, 0.2% Nonidet P.40, 
0.05% sodium deoxycholate, and 0.1 mM phenylmethylsulfonyl fluo- 
ride) to a final concentration of approximately 100 mM KCl. The pH 
was adjusted to 7.5 by the addition of 1 M Tris-HCl, pH 8.0. At a flow 
rate of 50 ml/h, the solution was passed twice over 2.5 ml (wet packed 
resin) of a DNA affinity resin (Baeuerle and Baltimore, 1989). The 
column was washed with 60 ml of buffer H containing 100 mM KCl 
and 5 mM chloroquine. A second wash was with 10 ml of buffer H 
containing 200 mM KCl and 5 mM chloroquine and a third wash used 
buffer H with 200 mM KCl and no chloroquine. NF-itB was eluted 
with 5 ml of buffer H conUining 300 mM KCl. 

Electrophoretic Mobility Shift Assays— The standard DNA-binding 
reaction was performed at room temperature in a volume of 20 ft\ and 
contained 1 mg/ml bovine serum albumin, binding buffer (Sen and 
Baltimore, 1986), 5-10,000 cpm (Orenkov counting) "P-labeled kB 
DNA probe (approximately 0.1 ng of DNA), 0.1 mg/ml poly(dl-dC), 
2 ti\ of buffer D (Dignam et oL, 1983) with 1% (v/v) Nonidet P-40, 
and 0.5-2 /xl of NF-jtB in buffer H containing 300 mM KCl. After the 
indicated incubation times, samples were subjected to electrophoresis 
on native 4% polyacrylamide gels as described (Sen and Baltimore, 
1986). The standard binding reaction was modified for the experi- 
ments shown in Figs. 2, 4, and 5 (see figure legends). To determine 
the effects of various NaCl and KCl concentrations (Fig. 2, A and B), 
a binding buffer without NaCl was used. The pH optimum of DNA 
binding (Fig. 2C) was determined by using an unbuffered binding 
solution to which 100 mM buffer solutions of HEPES-NaOH and 
Tris-HCl with various pH values were added The DNA binding 
activity of NF-xB was determined by Cerenkov counting of pieces 
from the dried native gel containing the ^P-labeled NF-kB-DNA 
complex. 

Determination of the Dissociation Constant— The Kd value was 
determined using EMSAs as described (Meisterernst et a/., 1988). A 
double-stranded oligonucleotide was used which contained in its 
center the kE motif from the mouse k light chain enhancer (Sen and 
Baltimore, 1986) and 4 base pairs which Hank the site in situ. Each 
5 '-end of the oligonucleotide contained a stretch of 10 thymidine 
residues which allowed to fill in a maximum of 20 «-*^P-labeled 
adenosine residues of known specific activity/oligonucleotide. Two 
cytosine residues at each 5' -end were filled in with an excess of 



unlabeled dCTP to prevent the loss of labeled adenosine residues 
from the oligonucleotide by a back reaction. By using high amounts 
of the radioactive DNA probe in EMSAs, the number of DNA-binding 
sites in the NF-kB solution was determined. The DNA-binding re- 
actions were performed in the absence of poly(dl-dC), the presence 
of 100 mM NaCl, and for 20 min at room temperature followed by 
EMSA analysis. The radioactivity in one complete gel lane separated 
into complexed and free DNA was determined by scintillation count- 
ing and numbers corrected for counting efficiency and decay of '"P. 

IJO-Orthophenantroline Treatment— A 100 mM solution of 1,10- 
orthophenantroline was made up in ethanol and diluted to 20 mM by 
the addition of 4 volumes of double-distilled H2O, With 1-2 n\ of this 
solution, NF-icB was reacted in 20 $t\ of a standard DNA-binding 
reaction in the absence of DNA. Control samples obtained the same 
volume of 20% ethanol. After 20 min, the DNA probe was added and 
DNA binding allowed for 30 min. The standard DNA-binding reaction 
contained already 0.5 mM EDTA and no divalent cations. 

RESULTS 

High Efficiency DNA Affinity Purification of NF-kB by the 
Use of Chbroquine — In previous attempts, numerous chro- 
matography steps were required to isolate NF-kB from nuclear 
extracts of B lymphocytes (Kawakami et aL, 1988; Lenardo et 
oi., 1988), and at least four rounds of DNA affinity chroma- 
tography in the presence of the costly competitor poly(dl-dC) 
had to be used to purify NF-kB from the cytosol of HeLa cells 
(Baeuerle and Baltimore, 1989). We noticed that the presence 
of up to 20 mM chloroquine in DNA-binding reactions had no 
detectable influence on the stability of the protein-DNA com- 
plex formed by NF-kB (data not shown). In the absence of 
high concentrations of poly(dL-dC), no single step affinity 
purification can be achieved (see Fig. ID; Baeuerle and Bal- 
timore, 1989), and even multiple rounds of DNA affinity 
chromatogrsqphy were ineffective (data not shown). 

We noticed that the presence of up to 5 mM chloroquine in 
DNA-binding reactions had no detectable influence on the 
stability of a preformed protein-DNA complex of NF-kB (Fig. 
L4, lanes 2-8). If the DNA probe is preincubated with 5 mM 
chloroquine, only a small reduction of NF-icB binding is seen 
compared with a sample in which a preformed protein-DNA 
complex was incubated with 5 mM chloroquine (Fig. LA, 
compare lanes 9 and 20). In contrast, other sequence-specific 
DNA-binding proteins, such as the serum response factor, 
were shown to be highly sensitive toward the intercalating 
activity of chloroquine (Schroter et al, 1987). Here we sub- 
jected the NF-kB which was activated during the purification 
of IkB (Zabel and Baeuerle, 1990) to sequence -specific DNA 
affinity chromatography and examined whether chloroquine 
in washing buffers can increase the efficiency of purification 
of NF-kB by selectively removing contaminating unrelated 
DNA-binding proteins from the DNA resin. 

A dramatic purification effect was indeed evident when 
washing buffers containing 5 mM chloroquine were used (Fig. 
IB). In a 200 mM KCl wash, which followed the second 
washing step with 6 mM chloroquine at 200 mM KCl, barely 
any proteins were detectable in silver-stained SDS-gels (Fig. 
IB, lane 5), Following elution with 300 mM KCl, approxi- 
mately 10% of the applied NF-kB DNA binding activity could 
be recovered as determined by EMSA (Table I; Fig. IC, lane 
6), At 400 mM KCl, another 10% of the NF-kB activity eluted 
but it contained more protein contaminants (data not shown). 
No activity was detected in a wash with 1 M KCL Among the 
few polypeptides that eluted at 300 mM KCl from the column, 
p50 and p65 were the major species (Fig. IB, lane 6). These 
two polypeptides were not seen in the preceding wash which 
showed almost no NF-ifB activity (Fig. IB, lane 5). 

Although the low amounts of protein in the affinity eluate 
could not be determined, an enormous purification factor by 
the DNA affinity chromatography becomes apparent if the 
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Fig. 1. DNA affinity purification of NF-icB. Panel A, insensitivity of NF-kB toward chloroquine. Purified 
NF-a B was incubated with a ^P-labeled *: enhancer DNA probe and the indicated amounts of chloroquine added 
after 10 min. After another 10 min, samples were analyzed by EMSA on native gels {lanes 1-8). In lane 70, the 
DNA probe was preincubated for 10 min with 5 mM chloroquine. 10 min aft«r addition of NF-ifB the sample was 
analyzed by EMSA. Lane 9, control in which chloroquine was added last. Panel B, SDS-polyacrylamide gel 
electrophoresis analysis of column fractions. The indicated percentage of fractions obtained during DNA affinity 
purification of NF-kB were precipitated by 80% acetone and subjected to 10% SDS-polyacrylamide gel electropho- 
resis under reducing conditions (Lammli, 1970). The gels were stained with silver by the method of Heukeshoven 
and Dernick (1988). L, load; FT, flow through; V^, wash; E, eluate. The KCI concentration of buffers and the 
presence of 5 mM chloroquine (+) is indicated. Molecular size markers were myosin (200 kDa), galactosidase b 
(116 kDa), phosphorylase (97 kDa), bovine serum albumin (67 kDa), ovalbumin (45 kDa). and carboanhydrase (29 
kDa). The positions of p50 and p65 proteins are indicated by arrowheads. Panel C, analysis of 0.002% of the 
column fractions for the DNA binding activity of NF-xB in EMSAs. Paneh A and C show fiuorograms from 4% 
native polyacrylainide gels. Filled arrowhead, position of the NF-xB-DNA complex; open arrowhead, position of 
unbound DNA. Panel D. DNA affinity purification in the absence of 5 mM chloroquine. A Coomassie Blue-stained 
10% SDS-gel is shown. The purification was performed as described in pane/ B except that 5 mM chloroquine was 
added to the wash buffers. Only the third wash { W3) and the 300 mM KCI eluate are shown. 
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Table: 1 

Purification of NF-kB from the cytosol of human placenta 
The DNA binding activity of NF-xB was determined by EMSA under standard assay conditions (see "Experi- 
mental Procedures"). AH fractions were assayed in the same experiment and in the presence of sodium deoxycholate 
as described (Baeuerle and Baltimore, 1988a). The protein -DNA complexes detected on fluorograms were quanti- 
tated by Cerenkov counting. Protein concentrations were determined by Coomassie Blue binding (Biorad Microas- 
say). ND, not determined. 
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protein pattern from lane 1 (load, Fig. IB) is compared to 
that of lane 6 (eluate, Fig. IB), In the latter, a hundred times 
more of the fraction was loaded. We estimate that lane 6 
contained less than 1% of the amount of protein seen in lane 
/. Considering the yield of 10% (Table I), we assume that the 
purification factor achieved by the affinity step was in the 
range of l,000~5,000-fold. As outlined in Table I, highly 
purified NF-xB can be obtained from the cytosol of human 
placenta by a simple and rapid procedure. The overall purifi- 
cation factor of NF-kB in the purification shown was presum- 
ably in the order of 100,000-fold. Prolonged washing with the 
buffer containing 200 raM KCl (Fig. IB, lane 5) allowed to 
remove most of the minor protein contaminants seen in the 
300 mM KCl eluate (data not shown). 

The Effects of Ions, pH, and Temperature on th^ DNA 
Binding Activity of NF-kB— -To evaluate the effects of sodium 
and potassium chloride on DNA binding, we used a small 
amount of NF-zcB that gives only a weak signal under the 
standard assay condition using 50 raM NaCl (Fig. 2A, fourth 
lane). At concentrations of NaCl and KCl below 50 mM, no 
significant binding activity was detected (Fig. 2, A and B), 
Concentrations above 50 mM KCl or NaCl strongly increased 
binding of NF-^B to DNA. With both salts, optimal binding 
occurred at concentrations of approximately 100 mM suggest- 
ing that the effect was not dependent on the nature of the 
monovalent cation. The amounts of NF-kB -DNA complex 
formed at the optimal KCl and NaCl concentrations were 
comparable. These observations suggest that monovalent cat- 
ions can positively influence the affinity of DNA binding and 
show that the binding conditions applied so far to assay for 
NF-kB (Sen and Baltimore, 1986) were suboptimaL 

To test whether the pH 7.5 of the standard binding reaction 
allowed optimal DNA binding, we added HEPES and Tris- 
HCl buffer solutions of various pH values to binding reactions. 
NF-K'B could form a complex with DNA within a pH-range 
from 6 to 8.5 and the highest amount of protein-DNA complex 
was formed at a physiological pH of 7.5 (Fig. 2C). 

The effect of increased temperature on the stability and 
formation of a NF-aB - DNA complex was investigated. Tem- 
peratures above 45 'C irreversibly destroyed the activity of 
NF-kB (Fig. 2D). The binding activity at 37 "C was similar to 
that at room temperature and it made no difference whether 
the protein was heat treated in the absence of DNA (data not 
shown) or in a protein-DNA complex which was preformed 
at room temperature (Fig. 2D) indicating that the protein was 
not stabilized to heat denaturation in complex with DNA. 

NF-kB Requires Zn''' for DNA Binding— We have included 
in DNA-binding reactions 1,10-orthophenantroline, a chelat- 
ing agent that is commonly used to study the zinc requirement 
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Fig. 2. The effects of salt, pH, and temperature on the DNA 
binding of NF-itB. Panel A. the effect of NaCl. Panel B, the effect 
of KCl. In a standard DNA-binding reaction (see **Experimental 
Procedures") a binding buffer without salt was used and NaCl or KCl 
solutions added to give the final salt concentrations indicated. All 
reactions had in addition 7.5 mM KCl which came from the elution 
buffer for NF-*B. Panel C, the effect of pH. A DNA-binding buffer 
was used which contained either 100 mM HEPES-NaOH, pH 5.2- 
7.5, or 100 mM Tris-HCl, pH 7.8-9. A Tris-HCl buffer with pH 7.5 
gave similar results as the HEPES-NaOH buffer of pH 7.5 (data not 
shown). The buffer solutions were tested for compensation of the 
intrinsic pH contributed by the ingredients of the binding reaction 
mixture. On the top of panels -A-C, sections of fluorograms are shown 
containing the NF-«B-DNA complex {filled arrowhead). The radio- 
activity in the complexes was determined by Cerenkov counting. 
Panel D, the effect of temperature. A complex of NF-xB and DNA 
was allowed to form for 20 min at room temperature and then exposed 
to various temperatures. After 5 min samples were chilled on ice and 
analyzed on 4% native gels at room temperature. A section of a 
fluorogram is shown. 

of proteins (Falchuk et ai, 1976). Increasing concentrations 
of the chelator impaired the formation of a NF-xB DNA 
complex (Fig. 3, lanes 2-4). 75% inhibition was observed at a 
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Fig. 3. The effect of chelating agents on NF-«B. Purified NF- 
kB was incubated in a standard DNA-binding reaction with the 
indicated concentrations (in mxi) of agents. oPA, 1,10-orthophenan- 
troline. After 20 min the radioactive DNA probe (kB) was added. The 
quantitation of the DNA binding activity is shown in the bottom 
panel and a section of a fluorogram in the top panel. Open colunn, 
control; filled column^s, presence of 1,10-orthophenantroHne; shaded 
colunns, the effect of Zn-* Uanes 8-!0) and the effect of other 
chelators (lanes U and 12). 

concentration of 2 mM 1,10-orthophenantroline (Fig. 3, lane 
(Higher concentrations caused a precipitate in the sam- 
ples.) At a concentration of 2 mM, the chelators EDTA and 
EGTA had no inhibiting effect (Fig. 3, lanes 11 and 12), The 
inhibition of DNA binding by 2 mM 1,10-orthophenantroline 
could be reversed by addition of only 1 or 1.5 mM Zn^"*^ (Fig. 
3, lanes 5 and 6). The observation that zinc ions in the 
presence of excess chelator can fully reconstitute DNA bind- 
ing suggests that the affinity of NF-kB for Zn^"^ is much higher 
than that of 1,10-orthophenantroline. Unlike Zn^"^, other di- 
valent cations at a concentration of 1 mM such as Fe'^**" (Fig. 
3, lane 13), Mn^* {lane 14), and Cu'"^ (lane 15) could not 
reconstitute the DNA binding activity of NF->fB following 
1,10-orthophenantroline treatment. Mn'^*" and Cu^'' ions were 
rather inhibiting. These data suggest that NF-kB specifically 
requires Zn^* for optimal DNA binding. In the absence of 
1,10-orthophenantroline, 1 mM Zn"* slightly increased DNA 
binding (Fig. 3, lane 8) but, intriguingly, 1.5 and 2 mM Zn'^* 
were strongly inhibiting (lanes 9 and 10). 

NF-kB DNA Binding in the Presence of Polynucleotides 
with Alternating Sequencer-NT -kB and a labeled kB oligo- 
nucleotide were reacted for various times in the absence or 
presence of 0.1 mg/ml poly(dl-dC) and binding reactions 
stopped by electrophoretic separation of DNA from protein- 
DNA complexes. Without poly(dl-dC), the protein-DNA com- 
plex could form very rapidly. Within less than 5 min the 
binding reaction had approached an equilibrium (Fig. 4A) 
reflecting a high on -rate of protein binding to DNA. In the 
presence of a 10*"*- fold weight excess of poIy(dl-dC) over the 
DNA probe, the equilibrium of binding was reached after 1 h 
and only 20% of the amount of radioactive complex could 
form which was seen in the absence of the polynucleotide. 
Here we further used polynucleotides of various base compo- 
sition in competition assays to characterize the DNA binding 
specificity of NF-*fB. 



Purified NF-kB could be assayed in EMSAs in the complete 
absence of a nonspecific competitor DNA (Fig. 48, last lane). 
No additional binding activities were seen indicating that the 
NF-kB fraction used was essentially free of unrelated DNA- 
binding proteins. Addition of increasing amounts of polynu- 
cleotides showed that poly(dA-dT) had a much higher effi- 
ciency than poly(dl-dC) to compete for binding of NF-kB to 
the radioactive DNA probe (Fig. 48). In Fig. 4C, we show the 
quantitation of titration experiments with three different 
polynucleotides. Poly(dl-dC) was the weakest competitor with 
an ICfto of 38 Mg/ml- If a polynucleotide is used which has 
guanosine instead of inosine residues a 50-fold better compe- 
tition was observed; the IQw for poIy(dG-dC) was only 0.75 
Mg/ml. The ICso of poly(dA-dT) was 2.8 Mg/ml These data 
suggest that guanosine residues contribute most to the rec- 
ognition of DNA by NF-kB which would be consistent with 
the high conservation of guanosine residues in all known kB 
motifs (see Fig. 6). While adenosine and/or thymidine resi- 
dues also significantly contribute to the protein-DNA binding, 
cytosine residues appear to be least important. 

High Affinity DNA Binding of ATF-kB— We have deter- 
mined the dissociation constant of a complex of NF-kB with 
the cognate kB motif 5'-GGGACTTTCC-3' which is the most 
frequent NF-K-B-binding site found in enhancer elements so 
far (see Fig. 6A). Results from competition experiments (Fig. 
7, Schreck and Baeuerle, 1990) suggested that this site is 
recognized with the highest affinity by NF-kB. From another 
study it was apparent that the dissociation constant must be 
smaller than 10"" M, and therefore its determination requires 
a DNA probe of very high specific activity (Baeuerle and 
Baltimore, 1989). Titration of NF-kB with increasing amounts 
of DNA probe showed a saturation of complex formation in 
EMSAs which allowed us to determine the number of DNA- 
binding sites of NF-kB in the preparation used (data not 
shown). By titration with decreasing amounts of the DNA 
probe and determination of the "^'^P radioactivity in the posi- 
tions of complexed and free DNA in native gels (Meisterernst 
et ai, 1988), we calculated by a Scatchard analysis a dissocia- 
tion constant of the NF-kB-DNA complex of 2.7 x 10"*^ M 
(Fig. 5). If NF-kB was used which was reconstituted from 
SDS-gel purified p50 and p65 proteins, a value of 4 x lO"^^ 
was observed (Urban and Baeuerle, 1990). Presumably, gel 
purification removed impurities from the preparation which 
interfered with binding. 

Comparative Analysis of NF-KB-binding Sites— V^^e have 
listed 23 currently known binding sites for NF-kB that were 
also shown to be cis-acting elements. Using methylation in- 
terference analysis or related techniques, most NF-KB-binding 
sites were found to be decameric (listed in Baeuerle and 
Baltimore, 1991). This is compatible with NF-kB recognizing 
two pentameric half-sites by a p50 homodimer (Baeuerle and 
Baltimore, 1989). Some kB sites show, however, undecameric 
(IL-2 receptor, Bohnlein et at, 1988) or even dodecameric'* 
(lymphotoxin) patterns of methylation interference. This 
might be due to the fact that one NF-kB complex can recog- 
nize, within a DNA sequence of 11 or 12 base pairs, various 
decameric motifs which all fulfill consensus requirements. For 
such sites, we have listed all possible decameric motifs. 

From a preliminary inspection it was apparent that there 
is always one half-site with three fully conserved guanosine 
residues while the other one is more degenerated. Binding 
sites are therefore arranged such that the half-site with the 
three subsequent G residues is on the left (Fig. 6). (In a few 
cases, we show kB motifs as they are present on the opposite 
strand or on both strands.) From the base frequency for a 

Messer. C, Baeuerle, P. A., and Weiss. E. H., Cytokine, in press. 
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Fig. 4. The effect of synthetic polynucleotides on specific DNA binding of NF-jcB and on binding 
kinetics. Panel A, binding kinetics. Purified NF-kB was reacted for various times in the absence (control) or 
presence of 0.1 mg/ml poly(dl-dC). Binding reactions were stopped by electrophoretic separation of samples on 
native gels. For the 0 min values, NF-irB was added and the sample immediately electrophoresed. From observing 
the migration of the bromphenol blue tracking dye, which comlgrates with the free DNA probe, we assume that 
the protein-DNA complex was separated from free DNA within approximately 1 min from the start of the 
electrophoresis. Panel B, the effect of polynucleotides with alternating base sequence on the formation of protein- 
DNA complexes. Increasing amounts of poly(dl-dC) or poly(dA-dT) were added together with the labeled ^B probe 
to purified NF-\B. In the last lane of the panel, a gel lane is shown in which purified NF-*:B was assayed in the 
absence of poly(dl-dC) and with excess of DNA probe. Fluorograms of native gels are shown. The filled arrowhead 
indicates the position of the NF-xB-DNA complexes, the open arrowhead the position of free DNA. Panel C, dose- 
response curves for poly(dl-dC), poly(dG-dC), and poly{dA-dT). The radioactivity in NF-*:B-DNA complexes is 
plotted as percent of control samples without polynucleotides. Fifty percent inhibitory concentrations are indicated 
by arrows. 
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Fig. 5. Scatchard analysis of NF-kB-DNA binding. Purified 
NF-kB was titrated with various amounts of a radioactive aB probe 
with a specific activity of 60,000 Ci/mmol. Binding was performed as 
described under '*Experi mental Procedures" and samples analyzed by 
EMSA. Calculations of concentrations were based on the number of 
DNA-binding sites of NF-kB determined in the presence of a high 
excess of the kB probe. 

given position of the decameric motifs, it is obvious that the 
two half-sites have different degrees of sequence conservation 
(Fig. 6B), The A half-site contains 4 fully conserved purine 
residues (positions 1-4) 3 of which are guanosines (1-3). In 
the 6 half-site only position 10 with a C residue is completely 



conserved. Position 9 which has in most cases a C can also 
have an A apparently without impairing the biological activity 
of the site (Hoyos et al, 1989; Collart et ai, 1990). While 
there is always a G residue in position 3 of half-site A, the 
equivalent position 8 in half-site B can be variable. Also 
position 7 is more degenerate in contrast to the respective 
position 4 of half-site A because three different nucleotides 
can be tolerated in this position. The bases in the center of 
the motif (positions 5 and 6) can be variable with a preference 
for T residues in position 6. Although the half-sites show a 
high preference for either purines or pyrimidines, respectively 
(Fig, 6B), a dyad symmetry is restricted in the majority of 
sites to only the 2 outermost residues and to one or, at most, 
two internal bases (see Fig. QA). A functional NF-xB site of 
ideal symmetry such as 5'-GGGACGTCCC-3' or 5'- 
GGGAATTCCC-3' has not been reported yet. Because the 
half-sites of the kB motif show different degrees of conserva- 
tion they are likely to also differ in their interaction with the 
p60 monomers in the NF-xB complex and subsequently in 
their contribution to the affinity of protein-DNA interaction. 
NF-kB Binds to Various Physiological kB Motifs with Dis- 
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Fig. 7. Competition analysis with various *cB motifs. Binding 
of purified NF-aB to a radioactively labeled k light chain enhancer 
DNA probe (kB, 0.1 ng/reaction) was competed with 2.5-, 25-, and 
250-fold molar excesses of unlabeled double-stranded oligonucleotides 
encompassing NF-*.B-binding sites from other genes. IL'2R, interleu- 
kin-2 receptor a-chain enhancer; fi-IFN, )8-interferon enhancer; ma, 
mutant. Sections of fluorograms from native gels are shown. The 
filled arrowhead indicates tiie position of NF-aB-DNA complexes. 
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Fig. 6. Comparative analysis of known cis-acting NF-itB- 
binding sites. Panel A, alignment of currently identified aB motifs 
in 5' -3' orientation. aB motifs of genes that possess more than one 
site are labeled o, 6, or c. *, kB sites as found on the antisense strand; 
^, aB sites obtained by shifting a decameric frame over sites with II 
or 12 base pairs. For most references see Lenardo and Baltimore, 
(1989) and Baeuerle and Baltimore (1991). Not yet reviewed therein 
are angiotensinogen (Ron et ai, 1990), vimentin {Lilienbaum et ai^ 
1990) and interferon regulator^' factor- 1.* Panel By base composition 
of NF-kB binding motifs. Each bar represents one of the 10 sequence 
positions of the kB motif and the length of a bar corresponds to a 
total of 23 sites. For the nucleotide composition, those sites that allow 
binding of NP-aB in more than one way were divided by the number 
of pos.sibilities. 

tinguishable Affinity— ^unfX^d NF-^'B was reacted with a 
labeled oligonucleotide encompassing sequences from the 
mouse K light chain enhancer in the presence of 2.5- 25-, and 
250-fold molar excesses of unlabeled double-stranded com- 
petitor oligonucleotides (Fig. 7). The oligonucleotides encom- 
passed A'B motif-containing sequences from the enhancers of 

* R. Schreck, C. Winter, and P. A. Baeuerle, manuscript in prepa- 
ration. 



the mouse k light chain gene (Sen and Baltimore, 1986) and 
human IL-2 receptor a-chain (Bohnlein et a/., 1988), /?-inter- 
feron (Visvanathan and Goodbourn, 1989; Lenardo et a/.. 
1989), IL-2 (Hoyos et ai, 1989), and granulocyte macrophage- 
colony stimulating factor genes (Schreck and Baeuerle, 1990). 
There were significant differences between the various oligo- 
nucleotides with respect to their efficiency to inhibit binding 
of the radioactive DNA probe to NF-kB, The homologous 
competition with the oligonucleotide (/cB motif: 5'- 
GGGACTTTCC-3') was most effective (Fig. 7, lanes 2-41 
The IL-2 receptor (5'-GGGAATCTCC-3'), ^-interferon (5'- 
GGGAAATTCC-3'), and IL-2 (5'-GGGATTTCAC-3') sites 
showed in that order decreasing competition efficiencies (Fig. 
7, lanes 5-14) indicating that NF-/cB had lower and distin- 
guishable affinities for these kB motifs. The amount of com- 
plex formed in the presence of 2.5 ng of cold kB oligonucleotide 
(Fig. 7, lane 2) was similar to that obtained in the presence 
of 25 ng of IL-2 oligonucleotide (lane 13) suggesting that NF- 
kB binds with an approximately 10-fold lower affinity to the 
IL-2 site. A weak competition was observed with a 250-fold 
molar excess of the ^-B-related site 5'-GAGATTCCAC-3' 
found in the granulocyte macrophage-colony stimulating fac- 
tor gene (Schreck and Baeuerle, 1990) (Fig. 7, lanes 15-17). 
This site has only a weak, if any, cis-acting effect (Mlyatake 
etcd., 1988). A mutated IL-2 receptor a-chain site (5'-GGGA- 
ATCTAA-3') showed the lowest efficiency to compete (Fig. 
7, lanes 18-20). Most likely, the adenosine residues in position 
2 of the granulocyte macrophage-colony stimulating factor 
site and in positions 9 and 10 of the mutated IL-2 receptor «- 
chain site interfered with the ability of the oligonucleotides 
to compete binding because they replace residues which are 
highly conserved in kB motifs (see Fig. 6). An adenosine in 
position 9 is more tolerable as seen with the IL-2 site. A 
completely unrelated oligonucleotide showed no competition 
within the concentrations tested above (data not shown). 

Using competition experiments, we have also tested 
whether purified NF-#cB can interact with the two single- 
stranded oligonucleotides used to anneal the k light chain 
enhancer oligonucleotide probe (data not shown). The single- 
stranded oligonucleotides were denatured by boiling prior to 
addition to the DNA-binding reactions. Only a 25,000- fold 
molar excess of upper and lower strands (approximately 2.5 
Mg of oligonucleotide) showed a significant inhibition of NF- 
kB binding to the double-stranded probe. The lower strand 
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Fig. 8. Competition analysis with half-sites of the jcB motif. 

Panel A, EMSA showing the competition efficiencies of three oligo- 
nucleotides. Three double-stranded 15-mers, shown on the top of the 
panel, were used which contain the pentameric half-sites of the k 
enhancer motif in their center {indicated by a bar) flanked by the 
same sequence, AGATT. The control oligonucleotide contained three 
copies of the flanking sequence. Sections of fluorograms from native 
gels are shown and the concentrations of unlabeled competitior 
oligonucleotides indicated on the bottom. The filled arrowhead indi- 
cates the position of the NF-kB-DNA complexes. Panel B, quantita- 
tion of the competition analysis. Open squares^ control; filled circles, 
half-site B; filled triangles, half-site A. 



from the mutated IL-2 receptor a-chain site had almost no 

effect. We consistently observed that the upper strand (5'- 
GGGACTTTCC-3') competed more strongly than the lower 
strand (5'-GGAAAGTCCC-3') suggesting that nucleotides of 
the upper strand are more important for the protein -DNA 
interaction than those on the lower strand. On the assumption 
that the competition efficiency is proportional to the binding 
affinity, the dissociation constants of complexes of NF-kB 
with the single strands were approximately a thousand- fold 
lower than that for the respective double-strand, Le. in the 
order of 10"^ M. 

kB Half-sites as Competitors of NF-kB DNA Binding-^To 
directly test the possibility that NF-kB has a distinguishable 
affinity for the two half-sites of the #:B motif 5'- 
GGGACTTTCC-3', we used in a titration experiment double- 
stranded 15-mer oligonucleotides encompassing isolated half- 
sites of the motif within the flanking sequence 5'-AGATT-3' 
(Fig, 8A). The unspecific control oligonucleotide used con- 
sisted of three copies of the flanking sequence. The oligonu- 
cleotide encompassing half-site A could compete for binding 
of NF-/fB to the labeled probe approximately two times more 
efficiently than that containing half site B (Fig. SB) suggest- 
ing that the more highly conserved half-site A is recognized 
with higher affinity by p50 than half-site B. The competition 
profiles were reproducible and reflected a specific binding of 
NF-kB to the isolated half-sites because the control oligonu- 
cleotide showed a significantly weaker competition. The com- 
petition efficiency of the half-sites was in the same order of 
magnitude as that obtained with complete single-stranded 
sites. 



DISCUSSION 

The Influence of Monovalent Catiorut on the Activity of NF - 
kB— At low concentrations of the NF-kB protein, the forma- 
tion of a NF-kB-DNA complex was enhanced by increasing 
the concentration of NaCl or KCl presumably reflecting a 
higher binding affinity of NF-kB to DNA in the presence of 
monovalent cations. An explanation for this effect might come 
from the capability of DNA-binding proteins to displace upon 
their binding monovalent cations from the DNA backbone 
(Record et al, 1976). Due to a gain in entropy through 
releasing ions from DNA, a net increase in binding energy is 
obtained at elevated salt concentrations. Above 100 mM, a 
chaotropic effect of the salts might prevail leading again to 
reduced binding. 

The Role of Zn^"" in DNA Binding of NF-kB—Wq demon- 
strate here the requirement of Zn^^ for the DNA binding 
activity of NF-k-B. This finding could indicate that NF-«B 
recognizes DNA using zinc finger motifs (for reviews see Klug 
and Rhodes, 1987; Evans and Hollenberg, 1988). It is inter- 
esting to note that a recently cloned DNA-binding protein 
which specifically recognizes kB motifs contains functional 
Zn-finger motifs (Fan and Maniatis, 1990; Baldwin et ai, 
1990). This protein with a size of almost 300 kDa has, how- 
ever, various features that distinguish it from NF-kB. It is 
also conceivable that zinc ions in addition to or instead of 
forming zinc finger structures help to cross-link the DNA 
binding p50 dimer. A role for zinc ions in dimerization was 
recently proposed for tat, the transactivator protein of human 
immunodeficiency virus type 1 (Frankel et al, 1988). Only the 
determination of the primary structure of the p50 subunit of 
NF-kB and a subsequent deletion and mutation analysis will 
allow to approach this question. 

High Affinity DNA Binding by NF-KB-^The affinity of NF- 
kB for the site 5 '-GGGACTTTCC-3' with a Ko in the order 
of 10~'^ to 10"*'' M is extremely high. This might provide one 
explanation why the protein-DNA complex of NF-kB was 
insensitive toward the intercalating effect of chloroquine. We 
noticed, however, that the preincubation of DNA with chlo- 
roquine had almost no effect on binding of NF-kB to the DNA 
(Fig. L4). It is therefore possible that chloroquine either did 
not intercalate in the kB site, or, that NF-^'B was able to 
displace DNA- intercalated chloroquine. We consider it less 
likely that NF-*:B could form a high affinity complex with 
DNA containing an intercalated substance. 

The high binding constant of NF-*rB might be important 
for two characteristics of the transcription factor. One is its 
low abundance within cells of less than 1,000 DNA-binding 
sites/cell (Lenardo etai, 1989; Baeuerle and Baltimore, 1989) 
which requires a much higher affinity to recognize target sites 
than needed by a more abundant DNA-binding protein such 
as NFl (Meisterernst et al, 1988). This protein binds to its 
respective cognate sequences with an affinity constant in the 
order of 10'^^ M. The other is the biological function of NF- 
kB to rapidly induce gene expression upon extracellular stim- 
uli that signal distress and pathogen invasion (Baeuerle and 
Baltimore, 1991). Rapid and persistent induction of gene 
expression requires a fast on-rate and high affinity of protein 
binding to cis-acting elements as reported in this study. The 
affinity by which NF-kB binds to a site might be important 
to regulate by the average occupation time of a cis-acting 
element the rate of transcriptional initiation of a particular 
gene. In this line, it would be interesting to determine the 
relationship between Kd value and rate of transcription ini- 
tiation for the various kB motifs. 

Differential Half-site Recognition by NF-xB— We propose 
that the two p50 molecules in the NF-*B complex can interact 
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differentially with the half-8ites of most decameric kB motifs. 
This idea is supported by the following observations, (i) The 
half-sites of known cis-acting kB motifs exhibit different 
degrees of sequence conservation. The pentameric half-site A 
is completely conserved in the first three positions whereas 
half-site B only in one position, (ii) Upper and lower strands 
of the tested kB motif showed different efficiencies of binding 
competition. The upper strand competed better presumably 
because it contains the 3 fully conserved G residues found in 
all known kB motifs. As suggested by the strong competition 
of binding by poly(dG-dC), G residues appear to be most 
important for protein-DNA interaction, (iii) Single penta- 
meric half-sites of the irB-binding site can specifically compete 
for binding of NF /cB to a decameric site whereby the more 
conserved half-site A showed a 2-fold stronger competition 
than the less conserved half-site B. While one p50 molecule 
in the NF-^B complex interacts strongly and with similar 
affinity with the A half-sites of kB motifs, the interaction of 
the second p50 molecule with the less conserved B half-sites 
appears to determine the fine affinity of a given site. 

Necessaiy for a high affinity interaction of NF-xB with a 
DNA motif appear to be the nucleotides found in positions 1, 
2, 3, 4, and 10 because they arc most highly conserved. The 
bases in positions 5, 6, 7, 8, and 9 allow more variation 
suggesting that they might determine the subtle differences 
in affinity found with the various kB sites (Fig. 2). We consider 
it unlikely that NF-#cB contains a DNA-binding heterodimer 
because the p50 subunits appear to be indistinguishable 
(Baeuerle and Baltimore, 1989). 

There is an increasing number of DNA-binding proteins 
that can also specifically recognize /cB-like sequence motifs 
including KBFl (Yano et al, 1987), H2TF1 (Baldwin and 
Sharp, 1988), MBP-l/PRDII-BFl (Baldwin et al, 1990; Fan 
and Maniatis, 1990) and EBP-1 (Wu et aL, 1988; Clark et aL, 
1989). Many of the data presented in this characterization of 
the DNA binding activity and specificity of NF-kB will be 
helpful to distinguish these related factors from NF-<cB and 
to examine cloned proteins that exhibit sequence-specific 
binding to kB motifs. 
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ABSTRACT 

Studies on ttn® r®gul&ition of ith® human neuorotiroplc 
virus (JCV) piromoltGir, Ihiavo been (focused prtmariOy on 
£he 98 bp tandem repeat! sequence which conifers giSaO- 
speclflclty lo virai gene eitpression. We demonstrate 
that © distinct (reguDatoiry element outside of the 98 bp 
iregion, which spans a stretch of 10 nucleotides (nt) 
(S'-GGGAATTTCC-3') increases transciriptional activity 
of JCV late (JCVJ and early (JCVg) promoters In gOial 
celDs. Sequence analysis of this motif reveals extensive 
homology to the xW^ sequence of H8V-1 (S'-QGGACTT- 
TCC-3'). A 01^3A fragment corresponding to the 10 nt 
sequence of JCV eichibits transcriptional activity when 
placed upstream of the test promoter in glial cells. The 
induction mediated by this regulatory motif is 
moderately enhanced in response to phorboD DS-myris- 
tate 13«ae@tate (PIUA) in gOiai cells. Band-shift and yv« 
crosslintdng experiments suggest that glial cells 
constKutively produce proteins that specificallly interact 
with the JCV xB, but not the HIV*1 x@ (motif. Treatment 
of cells with PR9A results In formation of new 
complenes that are sensitive to the sequences 
derived from the JCV sind IHIV»1 genomes. These 
results suggest that the »il sequence located in the 
JCV genome may play a role In transcriptional 
regulation of JCV gene eitpression by interacting with 
Inducible and uninducible nuclear proteins from glial 
cells. 

INTRODUCTIOM 

The JC virus (JCV), a member of the genus polyomavirus, is 
a human papovavirus etiologically linked to a fiatal demyelinadng 
disease of the central nervous system (CNS) termed Progressive 
Multifocal Leukoencephalopathy (PML) (1-12). This virus 
exhibits close sequence honK)Iogy to the well-characterized human 
papovaviruses, simian virus (SV40), and the BK virus (BKV) 
(13. 14). JCV and BKV share approximately 80% homology 
between their viral early proteins CT- and t-antigens) and up to 



80% homology between the late viral capsid proteins (VPl , VP2, 
and VP3). JCV and SV40 share approximately 70% homology 
in these regions. However, unlike BKV and SV40, JCV has a 
narrow tissue tropism that has hampered the study of this virus 
in culture. JCV replicates efficiendy in primary human fetal glial 
cell cultures rich in spongioblasts, the presumed precursor of 
oligodendrocytes (15, 16). Several human cells (embryonic 
kidney, amnion, and urine-derived epithelium) have been shown 
to poorly support viral replication (17-19). 

The greatest degree of divergence between JCV, BKV, and 
SV40 is in the viral control region which in JCV contains tfie 
origin of DNA replication, promoters for early and late gene 
transcription, and tandem 98-base pair (bp) direct repeats. Several 
lines of evidence indicate that the restricted tissue sf)ecificity of 
JCV is determined by this region of the virus. Analyses of viral 
gene expression by transient transfecdon studies and in transgenic 
animals have revealed that the tissue tropism of JCV resides, at 
least in part, in the glial-specific activation of the viral early and 
late promoters (20-23). Evidentiy, the 98-bp repeats of the JCV 
regi^atory sequence function as tissue-specific enhancers for tfiese 
promoters. 

Our laboratory has initiated a detailed examination of the cis- 
and trans-regulatory factors that restrict JCV gene expression to 
glial cells. Studies by us (24-26) and others (27, 28) have 
suggested that the JCV control region contains multiple protein 
binding domains that interact with distinct factors present in glial 
and non-glial cells (24—28). Figure 1 illustrates the structural 
organization of the JCV regulatory region and the positions of 
DNA-binding proteins and cis-acting elements. Use of hybrid 
promoter constructs in transient transfection studies have revealed 
that at least two of these domains positively and negatively 
contribute to the specific transcription of a heterologous promoter 
in glial and non-glial cells, respectively. Thus, it is likely that 
transcription of the viral early promoter is under positive and 
negative regulation in permissive and non-permissive cells. In 
support of diese findings, results from cell fusion experiments 
have indicated that expression of the viral early promoter was 
extinguished in the nuclei of glial cells when tiiese cells were 
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Figure 1. Schematic diagram of the iranscription control region of JCV. A. Control elements including the origin of viral DNA replication (ori), the AT-rich (TATA 
box) sequence, die core region representing an octameric motif of SV40. (GTCjCAAAG), and die irB box (GGGAATTTCC) are posiUoned between die early (encoding 
laige T- and small T-antigcns) and die late (encoding viral structural proteins VP, 2, and 3) translation initiation sites. The arrows indicate start sites of viral early 
RNAs before DNA rejriication (Eg) and after DNA replication (Lg) (41 , 42). The positions of die late RNA initiation sites are shown by arrowheads (43). B. Lxxations 
of protein binding regions and cis-aciing regulatory elements (24 - 28) as examined by various DNA-binding techniques and transient transfection assay. C. The 
relative molecular mass of the complexes formed in glial and non-glial nuclear extracts as examined by UV<rosslinking techniques (24). ND, not determined. 



fused with fibroblasts (29). This observation suggests that a 
negative transdominant factor in non-glial cells directly or 
indirectly suppresses expression of the JCV early promoter. 

Earlier studies by Major, et al (30) have identified a putative 
xB sequence on the early side of the viral origin (Figure 1), xB 
is a potent transcription enhancer which was first identified in 
the kappa-light chain of immunoglobulin gene, and later in many 
inducible cellular and viral transcription units (31). This enhancer, 
which is composed of 10 nucleotides (nt) (GCjGACTTTCC), 
binds to a large family of proteins called Nuclear Factor-Kappa 
B (NFxB). NFxB is a complex of two proteins of 50 and 65 
kD that is thought to bind DNA either as a heterodimer of 
P50/P65 or as a homodimer of P50/P50 (31). These proteins pre- 
exist in the cytoplasm of most cells in an inactive form complexed 
to an inhibitor, termed \xB (31). Stimulation by a number of 
agents such as phorbol-12 myristate-13 acetate (PMA), 
lipopolysaccharide (LPS), or tumor necrosis factor-a (TNFa), 
results in the dissociation of the IxB-NFxB complex, presumably 
by a protein kinase C-dependent phosphorylation of IxB (31). 
The unbound NFxB is, in turn, transported to the nucleus where 
it binds to its target sequence and exerts its activity. 

In the present report, we have investigated the biological effects 
of the 10 nt xB sequence homologous to the xB transcription 
element of HTV-l on the expression of the JCV early and late 
promoters in human glioblastoma cells. We now demonstrate that 
this xB sequence induces overall activities of the JCV late and 
to a lesser extent, early promoters in glial cells. Results from 
binding studies revealed the association of multiple inducible and 
non-inducible nuclear proteins from glial cells diat differentially 
bind to JCV-xB and a classical xB sequence derived from the 
HFV-l promoter. 



EXPERIMENTAL PROCEDURES 

Plasmid DNA constructs 

The plasmids, pJCVl CAT and pJCVg CAT contain the 286 bp 
Hind ni-Pvu n fragment representing the overlapping regulatory 
sequences of the JCV late and early genes, cloned upstream of 
the chloramphenicol acetyl transferase (CAT) gene (32). 
pJCVgxB-CAT and pJCV^xB.CAT plasmids were constructed 
by placing a 388 bp polymerase chain reaction (PCR) product 
representing the JCV regulatory region upstream of the CAT gene 
in the pBL-CATs vector (33). The primers used in the PCR 
were 5'-CCTCCCTATTCAGCACTTT-3', and 5'-GGCTCG- 
CAAAACATGTTCCC-3'. The ten^jlate used to amplify DNA 
differs from the published sequence for MAD-1 strain of JCV 
in that it contains a small deletion in the second 98 bp repeat 
(nt 110-132). Such disparate nt alterations are apparendy a 
common feature of JCV (K. Dorries, personal conrununication) 
and do not affect celUspecific transcription of viral promoters 

in glial cells. 

Deoxyoligonucleotides of JCV-xB (5-GGGAATTTCC-3') 
were synthesized using phosphoramidite chemistry and purified 
by gel electrophoresis. Complementary oligonucleotides were 
treated with polynucleotide kinase, annealed, and cloned into the 
PBL-CAT2 expression vector at die Sal 1 site upstream of the 
HSV-TK promoter (33). The presence of the oligonucleotide 
insert was verified by DNA sequencing (34). 

Transient transfection and CAT assay 
Human glioblastoma cells, U-87MG (ATCC) were maintained 
in Dulbecco's Modified Eagle's Medium (DMEM) supplemented 
with 10% fetal bovine serum (Gibco). Cells were seeded at 
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Fisuw 2. Transcriptional activity of JCV-xB in glial cells. A, JCVe and JCVl 
coDstiucts contain a 288 bp Hind m-Pvu n DNA fragniem of the JCV it^^ 
sequence in eariy and late orientations, respectively, placed in front of the CAT 
gene (32). JCVe xB and JCVi, xB oonstnicts coolain a 388 bp DNA sequence 
firom JCV dutt includes a 286 bp stretch from the Hind m site to the Pvu II site 
phis 102 ntoveriapping the early sideof therq>licatkm origin. The 388 bp DNA 
fiagmem was generated by polymerase chain reaction (PCR) with appropriate 
primers in which Bam HI restzictioa sites were inooiporalBd as cloning sites. 
B. Approximatdy 5x lO' human gliobhustama cells (U-87MG) were transfected 
widi 4 ^ of plasmid DNA by Ca-pbosphate precipitation technique (35). After 

4 hours, cells were washed with PBS and r^ed with fresh medium containing 
50 or 100 ng/ml PMA. Cell extracts were prepared 36-48 h post transfection 
and CAT enzymatic activity was determined (37). C. The percent conversion 
of chloraoqihancol to its acetylated forms was determined by liquid scintillation 
counting of substrate and acelylaied forms. 

5 X 10^ cells per 60 mm plate and 20 h later 4 ii% of test plasmid 
DNA was introduced into the cells by the Ca-phosphate 
precipitation procedure (35). The final amount of DNA in each 
transfection mixture was brought to 15 ftg with pUC DNA. 

At 4 h post-transfection, cells were subjected to glycerol shock 
(36). Cells were washed several times with PBS and incubated 
with ftesh medium in the absence or presence of PMA at 
concentrations of 50 or 100 ng/ml. Ail experiments were 
performed iiKlependently at least three times . Cells were harvested 
at 36-48 h post-transfection and assayed for CAT activity as 
described (37). Percent conversion of [^^jchloraniphenicol to 
its acetylated form was d^rmined by liquid scintillation counting 
of the spots cut from the TLC plates. 

Nuidear extract prepsuration and band-sMfil assay 
Nuclear extracts weie prepared from U-87MG cells as described 
previously (38). For band-shift experiments, die oligonucleotide 



probe containing the JCV-;rB sequence (5'-GGGAATTTCC-3') 
was end-labeled with [y^^pj^Tp^ annealed, and purified on a 
9% native acrylamide gel. Approximately 15,000 cpm of probe 
was incubated with approximately 10 ng of nuclear extract |m)tein 
in the presence of 25 mM Hepes (pH 7.9), 40 mM NaCl, 10 
mM MgCl2, 1 mM DTT, 0.5 mM PMSF. 0.4 mg/ml BSA, 3 
mM OTP, 0.3 mg/ml poly[dI<iC], and 10% glycerol (v/v) in 
a final volume of 30 ^1 at 4''C for 30 min. Competition 
experiments were carried out in the presence of unlabeled JCV- 
xB, mV-l-xB, and WNA-xW^ DNA fragments. In this case, 
the extract was preincubated with the competitor DNA for 10 
min prior to the addition of the labeled probe. Complexes were 
electrophoresed on 6% polyacrylamide gel (prerun at 150 v for 
2 h) at 150 V for 4—5 hours with continuous circulation of running 
buffer at 4''C. Gels were fixed in 10% acetic acid, 10% methanol, 
dried and exposed to Kodak X-AR film at -70'*C with 
intensifying screen. 

W<irossliiiikjunig 

Labeled oligonucleotides (JCV-xB) were mixed with extracts 
under conditions as described in the band-shift assay. Reaction 
mixtures were exposed to UV light (302 nm) for 30 min at 4°C 
and resolved by SDS-PAGE. The gel was (hied and autoradio- 
graphed as described to determine the relative molecular mass 
of the con^lexes. 

RESULTS AND DDSCUSSDON 

Activation of JCV promoters by xB sequence in glial cells 

To gain insight into the glial-specific expression of the JCV 
genome, and to examine the possible role of the sequence located 
downstream from the enhancer/promoter, we carried out a series 
of transient transfection experiments utililizing plasmids 
containing the reporter chloramphenicol acetyl transferase (CAT) 
gene fused to various regions of the JCV regulatory sequence. 
Figure 2A schematizes the structure of the recombinants which 
were used in these studies. The c(Histructs were introduced into 
human glioblastoma cells (U-87MG) by the Ca-phosphate 
precipitation method (35) and CAT enzymatic activities were 
measured 48 h after transfection. Tte results shown in Figure 2B 
indicate that the sequence positioned downstream from the 98-bp 
rq)eat increases transcription of viral late and early promoters 
by 10- and 5-fold, respectively, in glial cells (compare lanes 1 
and 7 with 4 and 10, respectively). Inspection of the sequences 
located upstream of the 98-bp repeats has revealed a stretch of 
10 nt (5'-(j<jGAATTTCC-3') with signi ficant homology to the 
xB enhancer of HIV-1 (5'-GGGACTrTCC-3'). It is now well- 
established that the xB sequ^ce binds to a family of transcription 
factors which are induced with a variety of agents, such as 
phorbol esters, and enhances transcriptional activity of the linked 
promoter (31), To examine the inducibility of the JCV-xB 
sequence, cells were maintained in medium containing 
phorbol-12-myristate B-acetate (PMA) after transfection, and 
transcriptional activities of the JCV early and late promoters were 
examined by CAT assay. As shown in Figure 2B, treatment of 
ceils with PMA revealed ^proximately 2- to 3-fold elevation 
in the activity of the xB-containing constructs Qanc 5, 6, and 
1 1 , 12). In parallel studies, the xB sequences show less than two- 
fold enhancement of the JCV early and late promoter activity 
in Hela cells (data not shown). Treatment of diese cells with PMA 
had no effect on viral early and late promoter activities. These 
smdies suggest that the upstream sequence of JCV encompassing 
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Figure 4. SI nuclease analysis of RNA from cells transfected with JCV^ and 
JCVl promoters. At 48 h post transfection, total cellular RNA was isolated from 
cells transfected with constructs containing JCVe and JCVl and hybridized to 
a single-stranded uniformly labeled CAT DNA probe. SI digestion was carried 
out by the method described previously and protected DNA fragments were purified 
and analyzed by electrophoresis in a denaturing sequencing gel as described 
previously (39). The arrow indicates the position of the 256 nt protected fragment. 



Figure 3. Co-transfection competition analysis of the JCV promoter in U-87MG 
glial cells. The JCV late and JCV xB reporter constructs containing various lengths 
of the JCV eariy and late regulatory sequences, respectively (as detailed in 
Figure 2 A) were transfected alone or together with increasing amounts (250- , 
5(X)-, and l,(XX)-fold molar excess) of competitor oligonucleotide fragment 
containing the JCV xB sequence (5'-(KK}AATTTCC-3'). CclUs were harvested 
48 h post-transfection and CAT assay was determined (37). 



the xB motif has the capacity to augment the basal activity of 
viral early and late promoters in U'87MG glial cells. Evidently, 
this sequence responds positively to NFxB inducers such as 
PMA. However, the modest induction of these promoters upon 
PMA treatment suggests the involvement of a trans-regulatory 
factor(s) that is constitutively active in these cells. 

Next, to determine more specifically whether the xB sequence 
plays a role in the activity of the intact JCV promoters, in vivo 
competition experiments were carried out. To this end, the 
synthetic oligonucleotide derived form JCV xB was co- 
transfected with the reporter constructs containing JCV early and 
late regulatory sequence and the level of CAT activity was 
determined. In the presence of 250- , 500- , and 1,000-fold molar 
excess of xB sequence, JCV early and late promoter activities 
were substantially reduced (Figure 3) suggesting that the xB 
sequence is important for enhanced transcripdonal activity of JCV 
promoters and diat there are other regions of JCV that are 
necessary to maintain viral gene transcription at high levels in 
glial cells under similar conditions. The xB sequence exhibits 
no significant effect on transcriptional activity of viral promoters 
with no xB sequence (Figure 3). These data imply that the xB 
sequence is operative in the context of the viral promoter, and 
increases both early and late promoters. 

Transcription of the JCV promoters in glial cells 

To verify that the increase in CAT activity of the xB containing 
plasmids was due to increased levels of CAT transcripts, the level 
of CAT RNAs was measured by S 1 nuclease protection assay 
(39). In this study, a 458 nt single-stranded SI probe containing 
a sequence complementary to the CAT coding sequence was 
uniformly labeled and hybridized to total RNAs derived from 
cells transfected wiUi various JCV constructs (as shown in 



Figure 4). SI nuclease digestion by CAT RNA is expected to 
result in a protected fragment of 256 nt. Results shown in 
Figure 4 illustrate the protection of an appropriately cleaved 256 
nt DNA fragment corresponding to protection by RNA 
transcribed only in cells transfected with the xB plasmids. These 
results demonstrate that the xB-sequence stimulates transcription 
of JCV early and late promoters in glial cells. 

Activation of a heterologous promoter in glial cells by JCV- 
xB sequence 

To further examine the transcriptional activity of the JCV-xB 
sequence, we synthesized a double-stranded oligonucleotide 
harboring the JCV-xB sequence, GGGAATTTCC, and fused it 
to the 5 '-end of a test promoter derived from Herpes simplex 
virus thymidine kinase (TK) (33) in both early and late 
orientations, separately. This promoter contains several 
transcriptional elements, i.e. TATA box, GC-rich sequences and 
a CAAT box (40). Transfection experiments were carried out 
in the presence or absence of PMA, and CAT enzyme production 
was measured alter 48 h. As shown in Figure 5, basal CAT 
activity, due to expression of the TK promoter, was significantiy 
increased in glial cells when the JCV-xB sequence was linked 
to the test TK promoter. The level of enhancement was 
significantly higher when the xB sequence was placed in the late 
orientation. Treatment of the cells with PMA showed only a two- 
fold increase in the CAT activity of constructs containing xB 
in the late orientation and had an insignificant effect on the 
construct with xB in the early orientation. A low level of 
induction ( < 50%) of TK promoter activity was detected in Hela 
cells transfected with the hybrid promoter harboring JCV-xB in 
the late orientation (data not shown). These results suggest that 
the xB sequence of JCV is operative and has the capacity to 
increase transcriptional activity of a fused heterologous promoter 
in glial cells. 

Formation of specific DNA protein complexes by the JCV- 
xB sequence 

In an attempt to identify the cellular factors present in glial cells 
that interact with the JCV-xB sequence,, band-shift experiments 
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ngure 5. Rmctional analysis of the JCV-xB sequence. Syntiietic double-stranded 
DNA (oliga-JC vB) homologous to the JCV-xB sequence was placed in either 
orientation, in from of the Heipes simplex vims thynddine kinase gene promoter 
y^iicfa ooniBins a TATA box, GC-rich sequence and CAAT box (40). The contiDl 
and each of the recombinant constructs were introduced into U-87MG glial cells 
in the presence or absence of PMA by the Ca-phosphate precipitation procedure 
(35) and enzymatic activity of the CAT protein expressed from these plasmids 
was deteimined (37). The percent of chloramphenicol converted to its acetylated 
forms was deteimined as described in Figure 2 legend. 

were performed. In this study, double-stranded JCV-xB 
oligonucleotide was end-labeled by T4-polynucleotide kinase in 
the presence of [t^^P] ATP and incubated with nuclear extracts 
derived from U-87MG ceUs in the presence or absence of PMA. 
The extract from untreated cells produced two closely migrating 
complexes, ai and a^. Addition of excess unlabeled JCV-xB 
oligonucleotides (> 100-fold) abolished formation of these 
con^lexes, whereas under similar conditions, the xB sequence 
from the HIV-1 promoter containing only one nucleotide 
mismatch revealed no significant effect on the intensity of the 
a2 and a3 bands (Figure 6, lanes 1 -3). Expectedly, the mutant 
HIV-l-xB oligonucleotide (GGGACTTTCC changed to CTC A- 
CTTTCC), which is functionally inactive (31), was unable to 
block the formation of the complex (Figure 6, lane 4). The 
PMA-treated glial extract showed an elevated level of a2 
complex (or a complex ^t co-migrates with and the 
appearance of a new complex ofi (Figure 6, lane 5). All three 
forms («!, aj, and a3) were sensitive to excess amounts of 
unlabeled homologous con:^)etitor sequence. Preincubation of the 
extract with HTV-l-xB competitor reduced the intensity of the 
ai complex to the level seen in untreated extract, and abolished 
formation of the ai complex. The addition of unlabeled 
HIV-l-xB mutant to the extract showed no significant effect on 
the intensity of the ai, aa, and con^lexes (Figure 6, lane 8). 
These results suggest that, in addition to xh& two inducible 
complexes which recognize both JCV and HIV-l-xB sequences, 
glial cells may contain nuclear proteins non-responsive to PMA 
that preferentially recognize the JCV-xB sequence. 

Idoitification of JCV-xB bindiiig protdns by UV-crosslinking 

To further characterize the nuclear proteins that participate in 
binding to the JCV-xB sequence, UV-crosslinking experiments 
were enq)loyed. Binding reactions were carried out according 
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Figure 6. Protein-binding analysis of the JCV-xB sequence. Nuclear extracts 
were prepared from U-87MG glial cells that were treated with PMA as previously 
described (31). Approximately 15.000 cpm of [^^P]-end-labeled double-stranded 
oligonucleotide fra^nent were incubated in 30 fd of midear extract reaction mboure 
containing 10- 12 ng of protein as described eariier (36). The resulting complexes 
woe resolved on a 6% native polyacrylamide gd. In competition studies, unlabeled 
DNA fragments ( > 100-fold molar excess) were added to each reaction prior 
to incubation with the probe. Lane 9 represents probe alone. 
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Figure 7. Identification of the xB binding protein by UV-crosslinking. UV- 
crosslinldng and oonq)etition assays were carried out as described previously (36). 
Briefly, the double-stranded JCV xB oligonucleotide was uniformly labeled and 
UV<rosslinked to nuclear protein derived frtim glial cells PMA-treated and 
untreated in die presence or absence of unlabeled JCV xB (A) and HIV-1 xB 
(B) sequences. 



to the band-shift procedure as described above using 20 /ig of 
nuclear protein from U-87MG and PMA-treated U-87MG cells. 
Con^>lexes were cross-linked for 30 min at 4*C using long wave 
UV light (302 nm). The resulting complexes were directly 
analyzed by SDS-PAGE. As shown in Figure 7, three major 
complexes, a, b» and c, migrating as broad bands in the ranges 
of 35, >68, and 56 kD, respectively, were reproducibly detected 
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in the untreated extract. In the presence of PMA, additional 
complexes, d and e, with relative molecular masses of 48 and 
87-102 kD, respectively, were observed. Addition of 100-fold 
excess of unlabeled JCV-xB DNA significantly reduced the 
intensity of the bands corresponding to all five complexes 
(Figure 7A, lanes 2 and 4). Preincubation of the extracts with 
unlabeled HIV-l-xB DNA reduced the intensity of the inducible 
48 and 87-102 kD complexes, but showed virtually no effect 
on the formation of 35 , > 68, and 56 kD complexes (Figure 7B). 

At the present time, the role of these complexes in the activation 
of the JCV promoter in glial cells is unclear. However, the profile 
of transcription activation of the viral promoters containing the 
JCV-xB sequence upon PMA treatment, and the formation of 
specific NFxB complexes in PMA-treated extraa, suggest that 
the participant proteins in the 35, >68, and 56 kD complexes 
may be involved in the overall activation of the JCV early and 
late promoters. Similarly, the proteins that form the 48 and 
87- 102 kD complexes may mediate transcription enhancement 
of JCV gene expression upon PMA induction. 

In summary, experiments described here demonstrate that the 
sequences homologous to die NFxB transcriptional element 
present within the JCV genome have the capacity to stimulate 
expression of die bidirectional viral promoter in glial cells. This 
regulatory element, which differs in only one nt with the classic 
xB sequence of HIV-l , binds to constitutive and inducible DNA 
binding proteins present in glial cells. Experiments are in progress 
to examine the importance of this regulatory motif in the 
physiology of the JCIV life cycle in cells treated with a variety 
of agents, such as LPS, cAMP, cytokines, tumor necrosis factors 
a and i3 (TNFa and TNFj3), transforming growth factor /? 
(TGF/3), and interleukin 1. Results from these studies should 
enhance our current knowledge of the mechanisms that trigger 
replication and/or expression of latent JCV in inununocom- 
promised individuals. 
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The promoter of the murine gene encoding inducible 
nitric osude synthase (iNOS) conltains an NF-kB site be- 
ginning 55 base peirs upstream at the TATA bos, desig- 
nated NF-tfBd. Reporter constructs containing trun- 
cated promoter regions, when transfected into 
macrophages, revealed that NTF-tcBd is necessary to con- 
fer inducibility by bacterial lipopoly saccharide (LPS). 
Oligonucleotide probes containing NF-edBd plus the 
downstream 9 or 47 base pairs bound proteins that rap- 
idly appeared in the nuclei of LPS-treated macrophages. 
The nuclear proteins bound to both probes in an NF- 
e^d-dependent manner, but binding was resistant to cy- 
clohemmide only for the shorter probe. The proteins 
binding both probes reacted with antibodies against p50 
and c-rel but not ClelB; those binding the shorter probe 
also reacted with anti-RelA (p^). Fyrroliidine dithiocar- 
bamate, which acts as a specific inhibitor of NF-kB, 
blocked both the activation of the NF-icEd-binding pro- 
teins and the production of HO in LPS-treated macro- 
phages. Thus, activation of HF-cdB/Rel is critical in the 
induction of iNOS by UPS. Eoweven additioBial, newly 
synthesized proteins contribute to the NF-KEd-depend- 
ent transcription factor complex on the INOS promoter 
in LPS-treated mouse macrophages. 



Nitric 05dde (NO) is reported to participate in the physiology 
or pathophysiology of every organ system (1). Of the three 
mammalian gene products known to act as NO synthases, the 
high output isoform, termed iNOS^ (2), is the most widely ex- 
pressed in various cell types (1) following its transcriptional 
induction (2). Among the most important stimuli for induction 
of iNOS is bacterial endotoxic lipopolysaccharide (LPS) (3, 4). 
Induction of iNOS by LPS contributes to the pathogenesis of 
septic shock (5). Moreover, induction of iNOS by other stimuli 
leads to organ destruction in some inflammatory (6) and auto- 
immune diseases (7). At the same time, iNOS plays a key role 
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whose activity is independent of [Ca**] above the level found in resting 
cells; CAT, chloramphenicol acetyltransferase; EMSA, electrophoretic 
mobility shift assay; IPN-y, interferon-gamma; LPS, endotoxic bacterial 
lipopolysaccharide; NP-kB, nuclear factor for immunoglobulin k chain 
in B cells; PDTC, pyrrolidine dithiocarbamate; bp, base pair(s). 
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in host defense against infectious agents of almost every known 
class (8)» including viruses (9, 10). Thus, it is of interest to 
understand how expression of iNOS is regulated. 

The recently cloned promoter of the murine gene coding for 
iNOS (11) contains at least 22 elements homologous to consen- 
sus sequences for the binding of transcription factors involved 
in the inducibility of other genes by cytokines and LPS. Among 
these are two putative NF-kB binding sites, one upstream (GG- 
GATTTTCC, nucleotides -971 to -962, designated NF-kBu) 
and one downstream (GGGACTCTCC, nt -85 to -76, desig- 
nated NF-KBd). The consensus sequence for NF-kB binding 
sites, GGGRNNYYCC (12), allows for 128 versions of the motif, 
of which about 20 have been reported, the most common being 
GGOACTTTCC (12). NF-kBu is identical to the NF-kB site in 
the interleukin-6 promoter (12). In contrast, NF-KBd has been 
found only in iNOS. We reported earlier (11) that chloramphen- 
icol acetyltransferase (CAT) constructs containing fragments of 
the iNOS promoter region from nt -721 to +161 or from -478 to 
+161, both of which contained several consensus sequences 
besides NF-KBd, conferred inducibility of the iNOS promoter by 
pathophysiologically relevant concentrations of LPS (11). The 
present report uses additional constructs to demonstrate that 
NF-KBd is necessary for LPS inducibility of the iNOS promoter, 
characterizes and compares the nuclear factors that bind to the 
NF-KBd element in a restricted and in a more extended context, 
and presents evidence that NF-KB/Rel plays a critical role in 
the induction of the endogenous iNOS gene by LPS. 

MATERIALS AND METHODS 

Cell Culture--The macrophage cell line RAW 264.7 (American type 
Culture Collection) was grown in RPMI 1640 supplemented with 10% 
fetal bovine serum, 2 mu L-glutamine, peniciHin, and streptomycin. 

Aeofento— Recombinant murine IFN-y was a gift of Genentech (South 
San Francisco, OA). LPS, cydoheximide. and pyrrolidine dithiocarba- 
mate (PDTC) were from Sigma. Poly(dI-dC) poly(dI-dC) was from Phar- 
macia LKB Biotechnology Inc. and isotopes from Amersham Corp. Santa 
Cruz Biotechnology, Inc. (Santa Cruz, CA) supplied affinity-purified rab- 
bit IgGs against synthetic peptides derived from the following members 
of the NF-KB/Rel family: p50, RelA(p65), c-rel (residues 152-176; des- 
ignated c-rel(N)). c-rel (residues 49&-517; designated c-rel(C)), and RelB. 

Plasmids— The plasmid pliNOS CAT (11) was digested with Sflcl, 
and the linear product was treated with nuclease Bal-31 for 5 min. The 
resulting fragments were self-ligated and transformed into Escherichia 
coll strain HBlOl. One clone contained plasmid pS.UNOS-CAT, which 
had a deletion of 407 bp (-492 to -86) irom pliNOS CAT, generating a 
Smal site adjacent to the 5' end of NF-icBd. The promoter region up- 
stream of this Smal site was removed to form p8.11^0S-CAT. lb con- 
struct pB.l3iN0S-CAT^ the region -75 to +161 was amplified by po- 
lymerase chain reaction and the product cloned into pCAT'Basic. Trana- 
fection and polymerase chain reaction assays were as described (11). 

Oligonucleotides and Probes — Single-stranded oligonucleotides (OH- 
gos Etc., Inc., Guilford, CT) were annealed by polymerase chain reaction 
to form oligomers A, M, and B below. Uppercase sequences are from the 
promoter The NF-xBd site is underlined; mutations are italicized. Tb 
prepare probe A or B, oligomer A or B waa filled in by the Klenow 
fragment of DNA polymerase I with [a-»»PldGTP or [o-**P]dCTP and 
the three other nonradiolabeled dNTPs. 

-85 

5 'aaaac t TG GGGACTCTCC CTTTG 

ACCCCTGAGAGGGAAACCCTT 

Olioombr a 

5 'TG CTCACTCTCCC TTTGGGA 

GACTGAGAGGGAAACCCTTGTC 

OUGOMER M 
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5'caTG GGGACTCTCC CTTTGGGAACAGTTATGCAAAATAGCTCTGCAGAGCCTGGAGGGG 

CCCTGAGAGGGAAACCCTTGTCAATACGTTTTATCGAGACGTCTCGGACCTCCCCAgct 

OtKiOMtiR B 



Electrophoretic Mobility Shift Assay fEMSA)— Binding reactions (15 
pi total) were performed by incubating 5 ug of nuclear extract prepared 
as described (13) with reaction buffer (20 niM HEPES pH 7,9, 1 mM 
EDTA, 60 mM KCI, 12% glycerol, 4 ]ig of poly(dI-dC) poly(dI-dC)) in the 
presence or absence of competitor or antibody for 10 min, followed by a 
20-25-min incubation at room temperature with probe ('^-20,000 cpm). 
Products were electrophoresed at 30 mA for 3 h on 4.8% poly acryl amide 
gels in high ionic strength buffer (50 mM Tris, 380 m.M glycine, 2 mM 
EDTA, pH -8.5) (14) and dried gels analyzed by autoradiography. 

RESULTS 

NF'KBd Is Necessary for LPS Inducibility of iNOS 
Promoter^ln the reporter construct p%.l\iNOS-CAT (-85 to 
+161), all regions upstream from NF-KBd have been deleted. 
Upon transfection into RAW 264.7 cells, x^^AUNOS-CAT dis- 
played promoter activity that was induced by LPS in a concen- 
tration-dependent manner (Fig. 1), as with the full-length 
promoter/enhancer (11). When the 10-bp NF-KBd site was re- 
moved (construct p8.13iNOS'CAT; -75 to +161), LPS scarcely 
induced promoter activity (Fig. 1). 

LPS Induces Binding ofpSO, c Rel, and p65 (RelA) to NF-KBd 
Site — We next characterized the nuclear proteins in LPS- 
treated macrophages that bound to sequences from the iNOS 
promoter in an NF-KBd-dependent manner. Electrophoretic 
mobility shift assays were performed with probe A, an oligo- 
nucleotide consisting of the NF-KBd element and 9 more bp 
downstream. To explore the effects of context, we also used 
probe B, consisting of probe A plus the next 38 bp downstream. 
Treatment of RAW 264.7 cells with LPS led to the appearance 
in their nuclei of protein(s) that bound to both probes (Fig. 2A, 
complex I on probe A and complex X on probe B). Other bands 
(complex II on probe A and unlabeled bands on probe B) were 
detected in nuclei from cells with or without LPS treatment. 
Formation of complexes I, II, and X was blocked specifically by 
an excess of nonradiolabeled oligomer A, but not by oligomer M, 
in which the first 3 base pairs of the NF-^Bd sequence are 
mutated. A 42-bp oligonucleotide containing one tandem repeat 
of GGGGACTTTTCC (catalog no. 3382SA, Life Tfechnologies, 
Inc.) also competed, while an unrelated oligonucleotide derived 
from the coding region of iNOS did not (not shown). Complex I 
appeared within 0.5 h and diminished within 4 h following the 
addition of LPS, while the more slowly migrating complex X 
appeared later and persisted for at least 6 h (Fig. 2B). 

In other studies with activated macrophages using rather 
short NF-kB probes (Ref. 15 and citations therein), the EMSA 
pattern closely resembled that in Fig. 2A with probe A. In those 
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F(G. 1. Inducibility of iNOS promoter in reporter constructs 
containing or lacking NF-icBd. CAT activity was determined in RAW 
264.7 cells transfected with p8. iUNOS CAT (O) or pBASiNOS-CAT ( 0 ) 
after treatment with the indicated concentrations of LPS, Results were 
similar in two additional experiments. 



studies, it was speculated that complex I contained a het- 
erodimer of p50 and p65 subunits, while complex II was 
thought to contain a p50 homodimer. In the present work, as 
shown in Fig. 3, both complexes I and II were supershifted 
dramatically when the nuclear extract was preincubated with 

A 

0.5 h 2 h 

LPS - + + - + + + 

competitor --AM- -AM 

-•I •|l»f 



Probe A Probe B 
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Time(h) 0.5 4 0.5 2 6 

LPS - + ♦ - -f + 




Probe A Probe B 



Fic. 2. NF-KBd-dependent binding of nuclear proteins in mac- 
rophage cell line RAW 264.7. The cells were treated with LPS (100 
ng/ml) for the indicated times before preparing nuclear extracts for 
analysis by EMSA with probe A or B as shown. A, specificity. Binding 
was carried out in the absence or presence of a molar excess of oligomer 
A or oligomer M (500-fold with probe A and 250-fold with probe B). B, 
time course. 
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Fig. 3. Identification of NF-idBd-binding proteins in nuclei of 
RAW 264.7 cells treated with LPS (100 ng/ml). Nuclear extracts 
were incubated in the absence (none) or presence of 1 ]xg of preimmune 
serum {pre) or affinity-purified IgGs against p50, RelA(p65), the amino 
terminus of c-rel (c-rel(N)\ the carboxyl terminus of c-rel {c-rel(C)\ 
RelB, or combinations as indicated, followed by a binding reaction with 
probe A. 
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Fig. 4. Effects of cycloheximide and UV cross-linking analysis 
of nuclear NF-KBd*binding proteins in RAW 264.7 cells. A, cells 
were treated with LPS (100 ng/ml) in the absence or presence of cyclo- 
heximide iCHX, 1 pg/ml) for the indicated times. Nuclear extracts were 
then prepared and subjected to EMSA using either probe A or B. B» cells 
were treated with LPS (100 ng/ml) for 6 h and nuclei then collected. In 
a scaled-up EMSA, 50 pg of nuclear extract and 10* cpm of bromode- 
oxyuridine-containing probe B were reacted in a total volume of 75 pi. 
The EMSA gel was irradiated at 254 nm from 5 cm for 30 min at 4 *C. 
The band corresponding to complex X was excised, created with DNase 
L and analyzed by 10% SDS-polyacrylamide gel electrophoresis fol- 
lowed by autoradiography. The migration of A/, standards is indicated. 

IgG against NF-kB p50 before binding to probe A. Less exten- 
sive supershift was observed with IgGs against c-reKC), 
c-Rel(N), or ReL\ (p65), but a combination of IgGs against c- 
rel(C) and RelA(p65) supershifled complex I completely. Thus, 
complex I appears to include mixed heterodimers of p50/c-rel 
and p50/RelA (p65), while complex 11 appears to consist pre- 
dominantly of p50. In contrast, no supershifl was observed with 
IgG against RelB or with preimmune IgG (Fig. 3). When probe 
B was used, supershifl of complex X was observed with IgGs 
against p50 or c-rel but not RelA (p65) or RelB (not shown). 

Formation of Cycloheximide-sensitive DNA-Protein Complex 
on iNOS Promoter— NF-KB/Rel proteins exist preformed in the 
cytoplasm of macrophages until their post-translational activa- 
tion and nuclear translocation (12, 16). Consistent with this, 
the ability of LPS to induce binding of NF-kB/RcI proteins to 
probe A was unaffected by treating the macrophages with the 
protein synthesis inhibitor cycloheximide. In contrast, cyclo- 
heximide markedly reduced the formation of complex X on 
probe B (Fig. 4A). UV cross-linking analysis revealed that com- 
plex X contains polypeptides migrating with apparent molecu- 
lar mass of 50, 65-75, and 115 kDa (Fig. 4J3). 

NF'kB Is Involved in Induction of iNOS Gene— PDTC, an 
antioxidant that acts as a specific inhibitor of NF-kB activation 
in LPS-treated macrophages (16), blocked both the ability of 
LPS to induce nuclear binding activity for NF-KBd and the 
ability of macrophages to produce nitrite in response to LPS 
alone or LPS plus IFN-y (Fig. 5). 

DISCUSSION 

We conclude that the downstream NF-kB site in the iNOS 
promoter, a unique sequence termed NF-KBd, is necessary to 
confer inducibility by LPS in mouse macrophages. A nuclear 
protein complex that binds specifically to NF-KBd after treat- 



POTC - - + + 
LPS - + . + 

NO2* 0 9.1 0 0.1 

Fig. 5. Effect of PDTC on protein binding to NF-icBd and cel- 
lular production of nitrite. RAW 264.7 cells were preincubated with 
or without PDTC (60 vim, 1 h) and then treated with or without LPS (100 
ng/ml) for 0.5 h (EMSA) or 8 h (nitrite accumulation). Their nuclear 
extracts were subjected to EMSA with probe A and their conditioned 
media analyzed for nitrite (NO;, nmol/10*^ cells) by the Griess assay (2). 
When IFN-7 (10 ng/ml) was included along with LPS, nitrite accumu- 
lation increased to 24.3 nmol; pretreatment with PDTC reduced this to 
3.4 nmol. In all cases, cell viability exceeded 80% by trypan blue exclu- 
sion. 

ment of macrophages with LPS contains the heterodimer p50/ 
c-rel. Transcriptional regulation by c-rel has been reported only 
rarely (17). 

Since PDTC, a relatively specific inhibitor of the activation of 
NF-kB in macrophages (16), blocked both the production of 
nitrite and the binding of NF-KB/Rel to NF-KBd, it appears that 
NF-kB/RcI is involved in the induction not justof iNOS-derived 
reporter constructs but of the iNOS gene itself in LPS-treated 
macrophages. In other studies, PDTC blocked nitrite/nitrate 
production by a rat macrophage cell line treated with LPS and 
IFN-7 (18)- The related antioxidant diethyldithiocarbamate 
blocked NO release and expression of iNOS mRNA in LPS- 
stimulated mouse macrophages (19). However, neither study 
tested the effect of the antioxidants on binding of NF-kB/RbI 
proteins to the iNOS promoter. 

Assignment of a critical role to NF-KB/Rel in the induction of 
iNOS at first seemed paradoxical. Cycloheximide inhibits the 
induction of mRNA for iNOS in mouse macrophages (20, 21), so 
that a protein{s) newly synthesized in response to LPS must be 
necessary for induction of iNOS in this setting. However, cy- 
cloheximide did not inhibit the binding of NF-kB/RcI to NF- 
KBd, The paradox was resolved by the use of a more extended 
segment of the iNOS promoter. This revealed that the NF-KBd- 
dependent binding of complex X was cycloheximide-sensitive 
(Fig. 4A). Complex X includes multiple polypeptides (Fig. 4B), 
some of which may be newly synthesized after LPS induction 
and then interact with NF-kB/RoI proteins to form a cyclohex- 
imide-sensitive complex. Indeed, there are at least five other 
transcription control proteins with which members of the NF- 
KB/Rel family are known to interact, namely Spl (22), Fos/Jun 
(23), NF-IL6 (24), HMG I(Y) (25), and TATA-binding protein 
(26). Analysis of the cycloheximide-sensitive determinanWs) of 
complex X should lead to better understanding of the molecular 
mechanisms for regulation of iNOS and possibly other NF-kB/ 
Rel-regulated genes. 

These results raise the possibility that iNOS may be induc- 
ible by some of the numerous stimuli known to activate NF-kB 
besides LPS (12, 27). These include oxidative stress (18, 28) and 
viruses (12). The latter possibility is of particular interest in 
view of the ability of NO to inhibit viral replication (9, 10). 
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Regulation of the NF-xB/rel transcription 
factor and IxB inhibitor system 
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The interplay between proteins of the NF-xB/rel and IxB families is a 
tightly regulated process that ensures appropriate responses to specific 
■ environmental and developmental signals.- Various mechanisms are utilized • 
in regulating NF-xB/rel and IxB activities, some unique to this transcription 
factor system. All of these regulatory strategies converge towards one 
purpose, namely the controlled nuclear translocation of activated NF-xB/rd 
protein complexes. The variety of rel-related and ankyrin repeat containing 
subunits makes regulation of this system both rich and complicated. 
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Introduction 



NF-xB was first identified as a DNA-binding activity spe- 
dfic for the xB motif in the Immunoglobulin x light chain 
enhancer in B lymphocytes. Decameric xB-like recogni- 
tion sites have since been found in many genes invoked 
in immune function and acute phase responses. The 
cloning of the genes encoding the two subunits of NF- 
xB, p50 and p65, revealed a family of NF-xB/rel proteins 
that participates in various lianscriptionally controlled 
processes, such as cytokine responsiveness, lymphoid 
differentiation and embryonic axis determination in in- 
sects [1,2]. 

The NF-xB/rel proteins are subject to multiple regulatory 
influences. A'major component of this regulation is the 
control of their intracellular localization, with inactive 
protein maintained in the cytoplasm and transcription- 
ally active protein transported to the nucleus. Cytoplas- 
mic retention of inactive forms of NF-xB/rel is achieved 
through interaction with a group of inhibitor molecules, 
the IxBs. Two members of the NF-xB/iel family are r^- 
ulated by proteolytic processing from precursors. In ad- 
dition, the family is subject to more common reguJatoiy 
strat^es, such as post translational nxxiification, partic- 
ulariy by phosphoiylatioa 

In this review, we foais on various means by which NF- 
xB/tel activity is regulated in response to extracellular 
stimuli or during stages of differentiation, especially B<eil 
development The intrinsic differences between various 
NF-xB/id complexes determine taiget gene specificities 
and transcription activities. As NF-xB/rel activity is tightly 
maintained in the cytoplasm in most cells, deregulation 
and/or imbalance amorig different members of NF-xB/ pel 
and IxB families can potentially cause disorders of tiie im- 
mune systems, including leukemia and autoimmune dis- 
eases. 



Nomenclature of NFxB/rel and IxB gene 
family 

The cloning of die p50 and p65 subunits of the NF-xB 
heterodimer showed them to be members of a family of 
proteins, die NF-xB/rel family, all of whidi are invoh^ 
in gene regulation [3,4] . They share a Rel-homology (RH) 
r^on of approximately 300 amino adds over which they 
iiave about 54% identity. Hie known ptotein members of 
this family are NF-xB pSO and p65, die pl05 precuisor of 
p50, p52 and its plOO precursor (also called lyt-lO), c-Rd, 
RelB and Dorsal (Table 1). The RH domain is responsible 
for many of the key activities of die NF-xB/rd proteins, 
including DNA binding site recognition, dimerization, nu- 
dear localizatk>n and interaction with IxBs. 



Table 1. Nomendature of NF-XB/rei and IxB famHies. 
Common name Protein Gene 



NF-xB/rel: 



NF-xB 


pSO 


NfKB-l 




p65 


retA 




pl05 


NfK6-7 


Lyt-10 (plOO) 


plOO 


NfKB-2 




p52 


NfK&-2 


c-rd 


C'Rd 


c-rei 


relB 


RelB 


re/B 


dorsal 


Dorsal 


dorsat 


txB: 






IxB-a 


IxBa 


MAO-3 


IxB-p 


h(S0 


(not yet donedl 


IxB-yand CTR 




NFKB-1 


Bd-3 


Bcl-3 


6cfO 



Abbreviations 

CTR— cartxjxyl-terminal region; CMSA— electrophoretic mobility shift assay, IPS— iipopolysaccharides; PHA— phytohemagglutinin; 
. PKA— protein kinase A; PKC— protein kinase C; PMA— phorbol myristate acetate; RH— rel homology; TNF— tumor necrosis factor. 
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Nucteus and gciw expression 



The existence of this protein family was first appreci- 
ated through sequence comparisons of Dorsal and Rel; 
tfie linka^ to NF-xB was made when die gene for 
the pl05 precursor of p50 was cloned. A number of 
homologues were then identified. The names for the 
genes involved have recendy been standardized by gen- 
eral agreement among woricers in the field and are given 
in Table 1. The pl05 precursor is an especially interest- 
ing molecule because it contains both activator and in- 
hibitor functions: the amino-terminal half encodes p50, 
a subunit of the NF-xB transcription-activating complex, 
while the catboxyd-terminal region contains ankyrin-like 
repeats, which are commonly found in the JxB fam- 
ily of proteins (see bdow). Hie plOO precursor was 
cloned as the putative oncogene, fyt-lO, from a chro- 
moscMnal translocation ^te in a B-ceU lymphoma [5]. It 
has a similar structure to pl05 and was also identified as 
an immediate-early activation gene of human peripheral 
blood T cells [6]. The other NF-xB/rel proteins are not 
cleaved from precursors but are translated into their final 
form NF-xB p65 contains an acidic amino acid rich car- 
box^ terminus that mediates transcription activation. The 
proto-oncpgene, c-ret was identified through its onco- 
genic derivative, v-rel, found in an avian letrovirus, REV- 
T. The v-f«/ derivative induces fatal B-cdl lymphomas in 
infected chickens. reB was isolated as a serum-induced 
gene from a mouse fibroblast library [7]. It is most 
related to c rel, but contains a putative leucine zipper 
domain in a long amirK) terminal segment as well as a 
carboxyl-tenninal transcriptional activation domain. The 
Drosopbila morphogen, dorsal, is invoh^ed in the control 
of dorsal-ventral axis formation in the fly [8]. 

The IxB family proteins are defined by their ability to 
bind to one or more of the NF-xB/rel proteins. Members 
include IxB-a, IxB-p, IxB-y [or the carboxjd-terminal re- 
gion (CTR) of pl05], the proto-oncpgene and the 
Drosq^^fUa gene cactus. The IxB proteins so far identi- 
fied contain between five and seven repeats of 33 amino 
acid *ankyrin motif involved in protein-protein interac- 
tion; the gene for IxB-p has y^ K) be cloned IxB-a is 
the homolpgue of avian pp40 protein that co-immuno- 
predpitates with v-Rel in REV-T transformed lymphomas 
[9]. IxB-a is encoded by the mouse cDNA, AfAD-5, first 
isolated from a macrophage library as an immediate-early 
response gene [10°]. The carboxyi-terminal region of 
pl05 contains IxB-like activity and, ar least in mouse B 
cells, is also erKoded independently of the precursor by 
a separate mRNA [11,12], The protooncogene, W-3, was 
identified at a 14:19 ttanslocation brealqxjint in the 
IgH-a region of a subset of adult chronic lymphocytic 
leukemlas of B-cell lineage [I3l. The Drosopbila gene, 
cactus, was genetically defined as a negative regulator of 
dorsal It was cloned by both by a P element trap method 
and by low-stringency screening with an ankyrin repeat 
piobe [14«.15-]. 

The ankyrin repeats in IxB femily proteins are necessary 
for interaction with the RH domains of the NF-xB/ rel pro- 
teins, but the exact mode of binding is unclear. There is 
evidence that the interaction between IxB and NF-xB/rel 
proteins requires a functional dimerization ability in the 
RH domain, su^esting that IxB may associate with a 



dimeric NF-xB/rel complex. The nuclear localization sig- 
nal in the RH domain is necessary for the interaction and 
is masked by IxB in the complex [l6»*,17**]. This ex- 
plains, at least in part, the ability of the IxB molecules 
to keep the NF-xB subunits in the cytoplasm. Hiere is 
specifidcy in the interaction as IxB-a exclusively inhibits 
dimers containing p65 and c-Rel, whereas IxB-y (or CTR) 
and Bd-3 preferentially interaa witfi p50 and/or p52 
[12,18]. 



■ • IReguk^mg NFxB/rei and IxB activities 



Nix:lear translocation is necessary for transcription activa- 
tion by NF-xB/rel proteins and is the convergence point 
for the r^latory mechanisms utilized by NF-xB/rd fam- 
ily. In most cases, nuclear translocation correlates with 
the biolo^cal function of NF-xB/rel proteins. For exam- 
ple, selective nuclear translocation of Dorsal protein is 
the key to the development of dorsal-central axis in the 
eariy embryos of Droscpbila [8]. In die case of c-re/and 
its oncogenic partner v-rel, abnormal subcellular local- 
ization seems to play a pan in the tumorigenesis caused 
by v-rel in REV-T transformed B-ceil lymphoma and fi- 
broblasts [19]. Treatment of cells with specific stimuli 
that phosphoryiate and dissociate NF xB/rel and IxB 
complexes, also results in nuclear translocation of ac- 
tive NF-xB/rel complexes. Because all mammalian cells 
tested have NF-xB/rel proteins, usually in a cytoplasmic 
reserve, the regulation of the family is particulariy com- 
plex. The NF-xB/rel family is related by transcription, 
phosphorylation and probably proteolyas. 

The NF-xB/rel proteins respond to many environmental 
stimuli (l], although the exaa mode of induction of 
active nuclear NF-xB/rd complexes is unclear. For B 
lineage cells, lipopolysacdiarides (LPS), phorbol myris- 
tate acetate (PMA), cAMP or cross-Iinkirig surface IgM 
can induce NF-xB/rd activity. For T cells, almost any 
stimuli capable of activation will elevate NF-xB/rel activ- 
ity. These include PMA, mmor necrosis factor (TNF)-Qt, 
IL4, IL-2, phytohemag^utinin (PHA), antigen engage- 
ment, and cross-linking surface CD2, CD3, GD28 and 
T-cell receptor. Infection of T cells by HIV-1, HSV and 
HTLV-1 also upregulates NF-xB/rd actwity. In mono- 
cyte/macrophages, PMA, TNF-a, iymphotoxin and PHA 
and cross-linking CD2 are good inducers of NF-xB/rel 
acti^ty. TNF and IL-1 are good activators for NF-xB/rel 
in fibroblasts and hepatomas, 

NF-xB/tel activity is also related during B-cell differen- 
tiation. In pre-B cells, NF-xB/rel protein is kept at an 
inactive state although it can be activated by stimulat- 
ing cells widi PMA or LPS. By contrast, mature B cells 
constitutively express NF-xB/rd activity in the nucleus 
[20]. Constitutive NFxB/rel may be required to initiate 
Ig X gene expression in B cells althou^ in at least 
some plasmacytomas it Js dispensable. The constitutive 
NF-xB/rel activity is dfiis under differentiation conurol in 
the B-cdl lineage and there is also data to suggest that, 
as macrophages mature, it becomes constitutivdy active 
[21,22]. 
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Given the complexity of this large feunily of transcription 
factors, the apparent NF-%B/rel activity observed in vari- 
ous systems may be composed of different dimers of the 
family even though migration rates may be indistinguish- 
able when analyzed by the electrophoretic mobility shift 
as^ay (EMSA). Furthermore, each individual member of 
the family may have a diferent tissue distribution or 
may respond differently to a given stimulus. It is there- 
fore worth\^le to discuss the possible ways by which 
individual members may be r^latied (Table 2). 



TaUe 2. Mechanisms of NF-icQ/rel and txB regulation. 



Pho^horylation and signal transduction 
pathways 

Direa biochemical evidence indicates diat phosphory- 
lation of IxB can abrogate its binding to NF-xB and 
thereby control the appearance of active NF-xB/rel. This 
was demonstrated using purified IxB. wlilch combined 
with NF-xB in vitro and prevented its binjding to DNA 
as measured using EMSA [2i], Treatment of IxB with 
protein kinase A (PKA), protein kinase C (PKC) or the 
haem-reguiated eIF-2 kinase can inactivate IxB as meas- 



ured in this assay. This observatk>n was ftirther supported 
by the studies that purified IxB-a and IxB-P proteins are 
inactivated by phosphotylaiion with PKA and PKC [24]. 
Furthermore, IxB-P lost its inhibitory activity upon phos- 
phatase treatment Therefore, the activation of NF-xB 
may tdy on both phosphorylation and dephosphoryla- 
don of IxB. Althougji the sUes of phosphorylation have 
yet to be m^ped, it is periiaps significant that IxB-a and 
IxB-7 contain a putative PKC site in dieir sbdh ankyrin 
repeat While no good PKA consensus sites have been 
found by sequence analysis^ in vitro phosphorylation 
studies have demonstrated diat IxB-a is a good substrate 
for PKA (HC Liou, D Baltimore, unpublished data). Thus 
PKA may pho^hotydate a sitie different from the consen- 
sus PKA recogrution sequence. 

NF-xB/rd proteins are also Ukdy to be targets of protein 
kinases based on their sequence analysis, which reveals 
several potential sites for protein kinase action. For ex- 
ample, at the catboxyi-terminal ends of all RH domains in 
NF-xB/rel proteins, there is a conserved consensus PKA 
recognition site 25 amino acids aimno-terminal to the nu- 
clear localization sigrial (NLS). Mutation of this PKA site in 
c-Rel and v-Rel proteins abolishes the transformation ac- 
tivity of v-Rel and lelocalizes c-Rel from the cytosol to 
the nucleus [25,26], Further studies, however, demon- 
strated that these loss-of-function mutants of v-Rel or 
c-Rel also fail to bind DMA because of a destruction 
of the dimerization domain, making it unclear T^^ether 
the loss of function is due to the absence of phos- 
phorylation or a conformational char^ge of the protein 

m. 

In Drosophila, PKA or PKA-related kinases appear to reg- 
ulate the establishment of dorsal-ventral polarity by the 
Droscpbila morphogen, DorsaL Dorsal protein is uni- 
formly distributed throu^out the cytoplasm of early 
embryos. Approximately 90niin after fertilization, Dor- 
sal is select!^ translocated to die nucleus in ventral, 
but not dorsal, regions [8]. Genetic approaches have 
identified 11 genes that control Dorsal activity. These 
genes are tenned dorsal group genes because muta- 
tions of these genes keep Dorsal in the cytoplasm and 
make the embryo more 'dorsalized\ One of the dorsal 
group genes, Toll, encodes a surface rec^ior protein 
that contains a cytoplasmic tail with structural similar- 
ity to the mammalian IL-1 receptor. Both Toll and PKA 
can enhance the nuclear localization and transcription 
activity of Dorsal, This occurs through action at the po- 
tential PKA site because single point mutations at the PKA 
site abolish the responsiveness of Dorsal to induction by 
Toll or PKA l2y]. The structural similarity between the 
cytoplasmic tails of Toll and ILrl receptor suggests that 
IL-1 may utilize PKA or a PKA-cdated kinase to regulate 
NF-xB/rel activity. 

Amorig the 1 1 dorsal group genes, tube and pelle are ge- 
netically down stream of Toll and upstream of dorsal 
Interestingly, the recently doned pelle cDNA contains a 
candidate kinase catalytk domain, whk:h is similar to diat 
found in the rafi/mos family of protein kinases (S Wasser- 
man, personal communication). The tt4be cDNA shows 
no obvious homology to any known genes [28]. It will 



Phosphorylation and signal transduction pathways: 
PKA, PKC haenwegutated elF-2 kinase 
ro//-»tu6e-*pe/te 
TNF'Qt and IL-1p (ceramlde) 
Oxygen ladicals 

Processing of the precursors: 
plOS into p50 
plOO into p52 

Tissue-specific and developinental expression: 
p100 and plOS are constitutively transcribed but inducible 
c-re/ is specific to lymphoid tissues 
p6S is ubiquitously expressed 

Combtnatorial association and target gene spedfidty; 
NF-xB has broad binding spedfidty and transcr^ional activity 
p52/p65 only activates ceitain xB sites 
<p5(»2 and 0*52)2 selectively activate c^in xS sites 
c-Rel b an activator for a-2R, but a repressor for 
RelB forms heterodimen widi pSO or p52 only 

Interaction with non-NF-xfi/rel proteins: 
bcBs 
Bcl-3 
NF-IL6 

HTLV tax protein 
HMCKY) 

Differential spGcing: 
IxB-y 
p6SH)etta 
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be interesting to know if the peife product is the kinase 
that catalyzes phosphorylation of die putative PKA. site in 
Dorsal, and how the Tube and PeUe proteins modulate 
Dorsal-Cactus interaction. 

Our knowledge about the signaling pathways for mod- 
ulating NF-xB/iel and IxB through cytokine action and 
otiier agents is still nidimentary. However, some informa- 
tion about the second mediators or signaling molecules 
that are invoh«d in NF-xB/rel regulation is just emerg- 
ing. TNF-a and IL-ip are potent inflartunatory cytokines 
and good NF-xB inducers in many cell types. Both 
TNF-a .and_ IL-ip can apparently, exert, regulation on 
NF-xB through release of ceramide, which is gener- 
ated by sphingomyelin breakdown catalyzed by sphin- 
gomyelinase [29*30»]. Sphingomyelinase activity is con- 
trolled by 1,2-dlaqiglycerol, which is produced by a 
TNFa responsive phosphatidylcholine-phospholipase C. 
Ceramlde-activated protein kinase may belong to the fam- 
ily serine/threonine category of protein kinases, including 
MAP-2, EGF rec^tor threonine kinase, glycogen synthase 
kinase'3 and cdc2-ielated kinases [30«]. 

Active oxygen radicals may also play an important role in 
the activation of NF-xB activity. The strongest evidence 
for such a pathway is that antioxidants and metal chela- 
tors selectively block the activation of NF-xB by PMA, LPS, 
IL-1. TNF and possibly other stimuli [31*32]. Couki oxy- 
gen radicals or reactive oxygen intermediates be tfie di- 
rea regulators of NF-xB/rel proteins? There is an appar- 
endy zinc-coordinated structure in the RH domain involv- 
ing several conserved cystines and histidines. Its integrity 
seems to be important because any deletions or poirtt 
mutations involving these residues destroy the DNA-bind- 
ing and dimerization activities of the proteins (H-C Uou, 
D Baltimore, unpublished data). It is therefore possible 
that oxygen radicals could oxidize key sulphydryi groups 
or that chelators could remove the zinc, but this seems 
ati unlikely mode of i^latioiL Akemativeiy, the active 
oxygen ladkrals may act indirectly. 



Processing of the precursors 

The precursors of p50 and p52, the pl05 and plOO 
products of the NFKBl and Mf2Ca2 lod, are bipartite 
molecules. \(^e the anuno terrnini tndude the transcrip- 
tion factor moieties, the carboxyl termini have ankyiin 
repeats, suggesting that they could be integral regula- 
tors. Consistent with this idea is die observation that 
if .the pl05 CTR is expressed separately, it aas as a 
p50-binding IxB [12]. pl(>5 is often found in a cyto- 
plasmic complex with c-Rel [3334**], where its CTR is 
apparently acting in trans on the Rel polypeptide. The 
existence of this complex suggests that one IxB-like do- 
main is sufficient to keep an entire NF-xB/rel dimer in 
die cytoplasm. Another ftjnciion of the carboxyl termini 
may be to mask the nuclear localization signals in die 
RH domain, thus keeping the precursors or the pl05/rel 
complex in die cytoplasm [17»^34**1. 



Proteolytic processing of the precursors, pl05 and plOO. 
into their active p50 and pS2 forms, is unique to 
transcription factors of the NF-xB/iel fiamily. Control of 
the still imidentified protease involved in processing is a 
likely locus of regulation. Pulse-chase studies have indi- 
cated that the CTR released by proteolysis is not stable 
and is rapidly degraded. When a pl05-encoding plasmid 
is transfected into COS cells, the pl05 is then slowly con- 
verted to p50 by cellular proteases. The enzyme involved 
and its regulation remain to be investigated [35]. HIV in- 
fection seems to be able to^enhance pl05 cleavage in in- 
fected cells, suggesting that processing could potentially 
be related by exogenous' agents [36]. 

Why did proteolysis evolve as a mechanism of generating 
NF-xB activity? What is the advantage of processing? And, 
is processing a regulated process? There i$ a suggestion 
that the cytoplasmic retention of the precursor is crucial 
to keeping the NF-xB system from inappropriately stimu- 
lating cell growth. The 7Vi%KB2 gene was recognized as die 
site of a specific chromosome translocation in a subset 
of human B- or T-cell tumors. Although the translocated 
gene has yet to be shown to be an oncogene by indepen- 
dent criteria, it probably is one, both because numerous 
tumors have a translocation at tiie same locus and be- 
cause die p50 s^ment of NFKBl can be transforming 
under certain circumstances (GP Nolan, D Baltimore, 
unpublished data). In a panel of human tumors, the 
alterations of plOO are always such as to give constitu- 
tive n\3dear localization of the p52-related fragment, Le. 
they always lose the cytoplasmic retention domain at the 
cart)oxyi tenninus (R Dalla-Faveia, personal communica- 
tion). Thus, proteolysis may normally be a way of releas- 
ing p52 when the cell needs it, with the precursor form 
being an inactive reservoir. 

The otiier reason that pl05 may be under processing 
control is to allow the cell to independently regulate 
two NF-xB/rel systems in the same cell. In B cells, it 
appears tiiat p50/p65/lxB is regulated by phosphoryla- 
tion, but die cell has cytoplasmic pl05/c-Rel diat can 
be proteolyzed to generate nuclear p50/c-Rel. These 
two types of NF-xB/rei proteins can tiius co-exist and 
resporul independently to di&rent environmental stim- 
uli or differentiation signals. Only -when die processing 
pathway is better understood can these possibilities be 
critically examined. 



Tissue-specific and developmental expression 

Transcriptional control is a fundamental mechanism for 
^e regulation. Diiferential expression of certain mem- 
bers of NF-xB/rd and IxB genes in different tissues or 
during different stages of development will determine 
complex formation and subsequent target gene rela- 
tion (see next section). NF-xB <p50/p65) was identified 
as an apparently ybiquitous cytoplasmic factor early on; 
IxB was therefore expected to be widespread and later 
e^^riments bore out this prediction. However, some 
members of NF-xB/rel Sind IxB genes can be induced 
under certain circumstances. Tlie genes that code for 
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pl05, plOO and IxB-a are highly inducible in response 
to the stimuli that activate NF-xB/rel activity in many 
cell types examined [637.38*»39l. The c- re/ gene is ex- 
pressed predominantly in lymphoid cells and can also be 
induced by the same stimuli that activate NF xB/rel activ- 
i^ [37]. Thus, pl05, plOO, c-re/and IxB-a ate considered 
as products of immediate response genes. 

The regulation of the gene encoding IxB-a by NF-xB 
proteins was illusuated by introducing the genes en- 
coding pSO or p65 into 313 cells followed by examin- 
ipg of the subcellular localization of the overexpressed 
products [40*«]. Aldiou^ both proteins contain appar- 
ent nuclear kxalization signals, p50 goes to the nucleus 
but p65 is mainly in the cytoplasm. Only if p65 is vastly 
overexpressed does a portion go to the nucleus. This 
differential behavior of the two NF-xB subunits can be 
traced to tfidr effects on IxB-ot p65 induces IxB-a pro- 
tein both by increasing the transcription of its gene and 
stabilizing the protein, while p50 has little effea on IxB-a 
After co e3q>ression of both p50 and p65, tiie protein are 
cytoplasmic, indicating that the induced IxB-a can main- 
tain the entire NF-xB complex in the cytoplasm The sig- 
nificance of the autoregulatoiy loop for NF-xB/rel and 
IxB system is that it allows a continuous maintenance of 
the cytoplasmic reservoir of NF-xB/rel complexes for fur- 
ther stimulation in an acute response, and also prepares 
the cell to return NF-xB to its uninduced condition after- 
wards. 

NF-7cB/rel activity is under complicated conuol during 
B cell differentiation, which is just now t)ecomir^ under- 
stood. In pre-B cells, NF-xB is maintained in an inactive 
form in the cytosoL The inactive complex is activatable 



Table X NF-xB/rel protein complexes in B>A$A, 






EMSA complies 








Cdi type 


Constitutive 


Treatment 


inducible 


x8 sites 


Reference 


Bcell 


p50/c-Rei 
(p50/p65) 


PMA^LPS 


p50/p65 
(p50/c-ReO 
(p50)2 
(by LPS) 


Ig-xB 


H-C Liou and O Baltimore, 
unpublished data; 
I Vef ma, personal oommunication 


Tceil 




PMA. PHA 


(p65)a 
p50/p65 
p50/c-Rel 


IL-2R 


[45] 




(p50)2 


HTLV 
Antigen 


B1: (p50)2 
(p52)2 
Bi pSO, p52 
p65, c-Rel 
' NF-xB-like 


IL-2R 
IL-2 


I37I 
143»«1 


Macrophage 


(p50)2 
(p52)2 


PMA, TNF 


p50/p65 


1L-2R 


1441 


HeLa 






LC: p50/p65 
UC: p65/c-Rel 


Urokinase 


(461 



by stimulation of pre-B cells with LPS or mitogens. By 
contrast, NF-xB-like acthdty is constitutively present in 
the nudeus of marure B cells. Stxidies on this constitu- 
tive NF-xB/rel activity suggest that it is predominandy a 
p50/c-Rel complex. Thus, in the same cells, there can 
be cytoplasnuc p30/p6S/ which can be translocated to 
die nudeus after PMA iriduction, and nudear pSO/c-Rd 
(Table 3; H-C liou, D Baltimore, unpublished data)« Ma- 
ture B cells contain much hi^er levels of p50 and c-Rel 
protdns dian pre-B cells. As both the pl05 and c r^/ pro- 
moters contain xB sites (S Gerondakis, personal com- 
munication; [41,42]), transcriptional autoregulation by 
induced NF-xB may hdp to esq^lain their relatively high 
levd expression in B cells. 

Except for mature B cells, most cells do not con- 
tain NF-xB/rd binding acthity in un induced conditions. 
Among the exceptions, KBF-1 (p50 homodimer) and p52 
homodimers were detected in unstimulated T- cells and 
macrophages by oligonudeotides containii\g the IL-2 or 
IL-2R xB sites (Table 3) 143**,44]. In T cells, stimulation 
of cells with PHA and PMA or infection widj HTLV-1 Tax 
results in the appearance of two groups of complexes. 
The Bl complex contains p50 and p52 homodimers. 
The B2 complex consists of four proteins, p50, p52, p65 
and c-Rel and probably represents multiple heterodimers 
of dther p50 or p52 widi either p65 or c-Rel 137,45]. In 
macrophages, die PMA- and TNF-a-induoed complex is 
p50/p65 [44]. There is one report of a p65/c-Rd het- 
erodimer that binds to the urokinase promoter in Hela 
cells induced with PMA [46]. 

In summary, the available data is still patchy despite this 
bdng an active area of research; it appears, however, 
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that the classic NF-xB, p50/p65, is the inducible fiaaor 
in most cell types and responds to environmental stim- 
uli by tianslocation from its stored cytoplasmic form to 
the nucleus. Other Rd-ielated factors, in particular c-Rel. 
can be constitutive xB-dependent activators, at least in 
cells of the B-cell lineage. It remains to be learned what 
signals trigger constitutive p50/c-Rd activity during B-cell 
diiferentiatioa 

The latest member of the femily to be discovered is RelB. 
Recent studies by in situ hybridization analysis have sug- 
gested that RelB is expressed at particulariy high levels 
in dendritic cells of the thymus. Hie strict expression of 
gene in dendritic cdUs may suggest a role related 
to anUgen presentation (R Bravo, personal communica- 
tion). 



Combinatorial association and tai^get gene 
specificity 

Given the large number of possible Rel-related protein 
complexes, how much specificity of action exists? Speci- 
ficity may be detemuned by both intrinsic differences be- 
tween the properties of the complexes and differences in 
their interaction with other proteins. Although grouped 
into the same family, each individual NF-xB/rel protein or 
heterodimer complex may differ from other complexes 
in DNA-binding spedfidiy, conformation upon binding 
to DNA, or transcription activity for a particular xB site. 
It is the subtle difference amor^ various complexes of 
the same femily that determines ^at target genes will 
be turned on in a given cdL 

Apparently, not aU of the so-fef identified five members of 
the NF-)tB/rel protdns can form heterodlmers at a ran- 
dom combinatioa Among the 10 possible combinations, 
RelB can form a heterodimer with p50 or p52, but not 
with p65 or c-Rel (R Bravo, personal communicarion). 
The NF xB/rel heterodimers have more or less broad 
binding specificity to various xB sites (Table 4). How- 
ever, they show different properties when binding to 
different sites. NF-xB p50/p65 can bind to all the sites 
identified and serve as a transcription activator for all 
of them (Table 4) [43-,46,47*,48,49]. When p52/p65 
was tested, it was found that it can also bind to a vari- 
ety of sites but caiux)t activate reporter construa with 
either H2 or IL-2R xB sites (Table 4) [6.50,51). Thus, 
p50 and p52 heterodimers have different effects on tar- 
get genes despite the structural similarity between them . 
The transcriptional activities of p50-c-Rel, p52-<-Rel and 
p65^-Rd have not been tested systematically. 

The p50 homodimer (or KBF-1) binds at high affinity 
to most of the sices , tested Although p50 homodimer 
binds equally well to the fe-xB, H2-xB and IFN-P-xB 
sites, it only transactivales expression from H2-kB and 
Ig/mv xB sites [47«]. This is due to conformationa] 
differences of p50 when bindirxg to these three sites. 
Therefore, conformation may determine whether a fete- 
tor can act as an activator. The p52 homodimer differs 
from p50 in that it does not bind IgAW-xB site, but 



binds well to the palindromic H2-xB sice [5,50,51]. So 
far, the p52 homodimer has not been shown to acti- 
vate transcription. The c-Rel homodimer was detected 
when certain xB sites were used, such as 1L-2R'XB and 
IL-6-xB. Although c-Rel acts as a transcription activator 
for 1L-2R, it seems to serve as a repressor for IL-6 gene 
[49,52]. Again, it will be interesting to see if c-Rel binds 
to these two sites with a different conformation. There 
is one case where the endogenous p65 homodimer can 
be deteaed ynjhen the a-2R-xB site was used [45]. The 
transcriptional activity of the p65 homodimer on tiie IL- 
2R ^te has not been addfe^ed, although p63 is most 
likely to be an activator. The conclusion from this type 
of analysis is that each xB site preferentially binds a cer- 
tain set of NF-xB/rel complexes as detected by EMSA- 
It is likely that these complexes may play major role 
in regulating target genes with this preferential xB site. 
Whedher these complexes serve as activators or repres- 
sors will then be determined by their conformation on 
DNA and whether the transcription activation domains 
are accessible to transcription initiation machinery. 



Interaction with non-Rel p roteins ^ 

NF-xB/rel proteins intecaa with a variety of other pro- 
teins in ceis. As discussed above, their interaction with 
the inhibitory IxBs (IxB-o, IxB-P and IxB-y) resxilts in in- 
hibition of DNA-bindirig activity, masking of the nuclear 
localization ^gpai and consequently cytoplasmic localiza- 
tion. 

The interaction between p50 and Bd-3, however, re- 
stilts in a more complicated and even controversial sit- 
uation. It appears tiiat Bd-3 can be either an inhibitor 
of (p50)2 binding to DNA or a coactivalor that poten- 
tiates (p50)2-mediated transcriptional activation (T Fu- 
jita et al, unpublished data) [13,18,53-56]. One group 
finds that it co-activates only (p52)2-mediated transcrip- 
tion [53]. The faa that overexpressed Bd-3 localizes to 
the nudeus distinguishes it from the other IxB proteins 
containing ankyrin repeats [18]. Also, the interaction be- 
tween Bcl-3 aiwl (p50)2 has spedal properties because it 
does not require the NLS, vi^ereas ddetion of the NLS 
prevents IxB-a interaction with NF-xB (l6»',56]. Studies 
of a bacterially produced, truncated version of Bd-3, or 
of a baculovirus-produced Bd-3, have shown that it can 
act as an /« vitro inhibitor of DNA binding witii preferen- 
tial inhibitory affinicyr for p50 or p52 [18,53,54,56]. Using 
Bd-3 ptotdn made in mammalian cells, however, it was 
shown to actuate in vitro transcription in a p50-depen- 
dent manner (T Fujita etoL, unpublished data), With p50 
or p52, it can also co-stimulate reporter gene transcrip- 
tion in mammalian cells (T Fujita et oL, unpublished 
data) [57]. Bd-3 is a» highly phosphorylated protein in 
cells and dephosphoiyiation can inactivate its inhibitory 
activity [18] ..Thus,' part of the discrepancy in the behav- 
ior of the proteirilin different studies may be due to its 
phosphorylation state in different cells. An alternative hy- 
pothesis is that Bd-3 can bind to (p50)2 or (p52)2 and 
both act as a co-activator and char^ge the conformation of 
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Table 4. ONA-binding specificity and transcriptional activity of NF-xB/rel proteins 


Complex Binding sites* 


Binding sitest 


Transcriptional activation 


Reference 


p50/p65 iL-2 
IL-2R 
lL-6 
Urokinase 


Ig/HlV 
IFN-P 
H2 


Jg/HlV 
IFN-P 
H2 


t43-,46] 
.149) 


p52/p65 


Ig/HIV 

PD 

H2 
IL-2R 


Ig/HIV 

(but not H% IL-2R and PD) 


[6.501 
151) 


p50/Rel& 


^HIV 
PO 


(g/HIV 
PD 


171 


D52/RelB 


Ig/HIV 
PO 


Ig/HIV 
(but not PD) 


(61 


p52/p50 


Ig/HIV 

ro 


No activation 


[61 


p50/c-Rel Ig/HIV 






(H'C Ltou, D Baltimore, 
unpublished data) [451 


p52/c-Rel U.-2R 






[521 


p65/c-Rel Urokinase 






[46] 


(p50)2 %/HIV 
IL-2 
IL-2R 


tg/HlV 
IFN-P 
H2 


H2,ig/HIV 
(but not IFN-p) 


(43»*.47»J 


(pS2)2 


H2 

(but not Ig/HIV) 


no activation 


[5,501 
[511 ' 


(p65)2 IL-2R 


fe/HIV 
IFN-P 


IFN-P 


[45,47^1 


(c-Rei)2 


IL-2R 
IL-6 

(but not Ig/HIV) 


IL-2R 
repressor for IL-6 


[49,521 


RdB No homodimer 






m 


•Binding sites were tested by EMSA only; tbinding sites were tested for both DNA binding and transcription activities. Transcription 
activities were determined mosdy by transfection of reporter constaicts with various x8 sites. Studies by Fujita et a/, were carried 
out both by transfection and in viuo transcription analyses. For xB site sequences, see Table 5. 



their complexes with DNA so as to increase the off-iate 
of their binding to DMA. In this way, BcI-3 could txDth 
apparently inhibit binding to DNA, as measured in vitro, 
and activate transcription datkig the time the complex 
is bouncf to DNA. Bci-3 couki also aa as a stimulant 
to transcription because it could remove (p50)2 from 
DNA and allow its leplaoement with the stronger activator 
p50/p65 as shown fay Franzoso et oL [53]: 

NF-IL-6, a transcription factor of the C/EB? and bZIP 
£amily of proteins, has been shown to associate with 



p50 in solution [58], The RH domain and the leudne- 
zipper motifs are important for tliis interaction. Although 
NF-IL-6 enhances p50 DNA binding activity, it is still un- 
clear whether these two proteins can bind to DNA as a 
complex so as to synet©siically activate transcription. 

The tianscr^tional activator of HTLV-1, die Tax protein, 
can activate several cellular genes that also respond to 
NF-xB activation. It was recently shown that Tax protein 
can form a complex with pl05 in HTTLV-l infected cells 
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Table 5. xB site sequences. 


xB site 


Sequence 


Ig/HIV 


CCCACTTTCC . 


H2 


cccAncccc 




CXCAAATTCC 


PO 


CGCAATTCCC 


IL-2 


OCCATTTCAC 


IL-2R 


CCCAATCTCC 


0.-6 


CCCATTnCC 


Urokinase 


CCCAAACTAC 



[59]. However, the significance of this association has yet 
to be detennined 

NF-xB plays a critical role in virus induction of die IFN- 
p gene through the xB site in the PFDII region of the 



promoter. An accessory protein, HMG I(Y), has been 
found to cooperate with NF-xB activity by binding to 
tfie minor groove of the xB site (60**]. Both proteins 
are required for virus induction of /RV-P gene. It will be 
interesting to know how HMG I(Y) and NF-xB <xx>perate 
in the relation of IFN-^ gene. 



Differentially spliced forms 

Some genes of the NF-xB/tel Eamily express diflferentially 
spliced RNAs that encode piotdns ^th (Merent prop- 
erties. For example, IxB-y is derived from the NFKBl 
locus that encodes pl05. p65-delta is derived from the 
gene that encodes p63 and has 10 amino add deletion 
in the dimerization domain. p65-delta protein losses its 
dimerization, DNA binding and transcription activities as 
well as the ability to stabilize IxB-gl The consequence of 




Rg. 1. Model of NF-xB/rel and IxB reg- 
ulation. Signals received by various sur- 
face receptors (a) are transduced to NF- 
xB/rd and IxB complexes through either 
common, or unique signaling molecules 
(b). The cytoplasmic NF-xB/rel com- 
plexes exist in two forms. One is a com- 
plex containing the precursors p105 (c) 
or p100 (although the p105 complexes 
are illustrated here, the p100 complexes 
are probably processed similarlylL The 
other is a complex with an IxB (<0. These 
two types of complexes may respond to 
different stimuli. p50 homodimers are 
generated by the processing of pi 05 
(e) (p52 homodimers are similarly gen- 
erated from plOO; not shown). It is yet 
to be determir^ed whether p105 (and 
p100) forms homodimers before pro- 
cessing occurs. As each NF-XB/rel com- 
plex diifers from other complexes in 
DNA-binding specifidty, conformation 
upon binding to DNA, or transcriptional 
activity for a particular xB site, various 
NF-xB/rel complexes may turn on dif- 
ferent sets of target genes containing 
different xB sites (IHj), Specific target 
gene expression also depends on co* 
operation among NF-xB/rel proteins and 
other transcription factor complexes on 
the same promoter. 
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p65-delta expression in cells is still unclear, although its 
abiliQr to transform cells has been suggested [61]. 



Prdspects 

Cytoplasmiq/nuclear partitioning is central to the regu- 
lation of NF-xB/rel proteins (Fig. l). The majority of 
the NF-xB/rel pool resides in the cytoplasm, either in 
complexes with uncleaved precursors or with separate 
IxBs. The cytoplasmic pool of NF-xB/rel piOtein can be 
rapidly activated after stimulation with immune cytokines 
or other regulators. The exact signal transduction path- 
ways for activating NF-KB/rel are not understood yet, but 
studies of such regulators as TNF-a, Toil or oxygen radi 
cals can be expected to shine light into these as-yet dark 
comers. In particular, what protein kinases are activated 
by ceramide upon TNF-a stiinulation? How do Tube and 
Pdle proteins fit into the Toll and IL-1 pathways? Sffhat is 
the underlying mechanism for oxygen radical activation 
of NF xB/rel activity? 

The cytoplasmic complexes, as we now understand 
them, exist in two forms: one contains the pl05 or plOO 
precur50rs; the other contains an IxB (Fig. 1). These two 
types of complexes may respond to different stimuU, thus 
providing diversity of reguliion. Activating the precursor 
complexes must involve protease action but probably in- 
vokes a second step because merely cleaving the precur- 
sor should not remove the inhibitor for the complex. It 
is also important to ranember that we do not yet know 
whether processing of the pieqursor is a r^;ulated pro- 
cess. 

B cdls (and perhaps the macrophages) are the only cell 
types where NF-xB/rd activity is consiitutively present 
and active in the nucleus. This suggests that NF-xB/rd 
proteins cany out an important and special mission in 
die mature B cell Part of that mission is certainty the 
expression of Ig x light chain. It will be important to 
determine \^^ether there are other key target genes in B 
cells because such genes could execute functions related 
to differentiation and proliferation. Another perplexing 
but intriguing question is wiiat kinases or otiier signal- 
ing molecules ate invoKed in inducing and maintaining 
the constitutive NF xB/rel activity of B cells. CHven die 
oncogenic potential of members of the NF-xB/rel pro- 
tein famify, it may also be relevant to ask whether the B 
cell has some special mechanism to avoid beii^ trans- 
formed by constitutive NF-xB/rel proteins. 

One of the most challenging questions is how aItecatiot\s 
of the NF-xB/rel proteins cause tumors. One common 
phenomenon correlated to oncogensis caused by v-rel 
and plOO is their abnormal nuclear localization. Because 
both c-rel and pl05 (and plOO) play a major role in lym- 
ph(^d cells, it may be reasotiable diat deregulation of 
these proteins causes predominandy lymphoid tumors. 
As bodi types of genes can urKletgo autoregulation, that 
might be an aspect of their tumorigenic abilities. It will be 
interesting to sort out the common features for tumori- 
genesis caused by v-r«< truncated plOO and bU5, The 



features to be examined will include their subcellular 
localization, autoiegulation mechanism, and most im- 
portandy, dieir target genes in both norma) and tumor 
cells. 
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Individual regulators of cellular events often have different 
activities in specific cell types. For instance, cAMP medi* 
ates avast array of responses through activation of protein 
kinase A because kinase substrates are distributed in 
specific patterns In different cell types. Transcriptional ac- 
tivation of specific genes in differentiated cells had been 
thought to require highly restricted expression of specific 
activator proteins. Increasingly, however, single transcrip- 
tional regulators, like other cellular regulators, have been 
found to have multiple effects, often depending on the cell 
type. A particularly promiscuous one, NP-kB. is so wide- 
spread that it poses the same regulatory questions as 
traditional second messengers such as cAMP and inositol 
polyphosphates. That is. how is specificity achieved and 
how do different pathways converge on the same regula- 
tory molecule? Here we review how NF-kB works and the 
many systems known to employ It. 

NF-kB was detected, using an eiectrophoretic mobility 
shift assay, as a protein that could complex to a 10 bp site 
in the k light chain enhancer, called kB (Sen and Balti- 
more. 1986a). Because it was constitutively present only 
in those B cells of the appropriate stage for light chain ex- 
pression and was crucial for k enhancer function (Lenardo 
et al., 1987; Atchison and Perry, 1987), NF-kB appeared 
to be a tissue-restricted transcription factor. However. It 
was soon found to be present in a covert cytoplasmic form 
In non*B celts. In such cells it can be induced by phorbol 
esters to move to the nucleus and exhlbil specific DNA 
binding. Consistent with its presence in all mammalian 
cell types tested, NF-k6 has now been Implicated in a vari- 
ety of transcription events in non-B cells. 
NF'kB Acts as an Intracellular Messenger 
Induction of NF-kB does not require new protein synthe- 
sis. Indeed, inhibition of protein synthesis by cyclohexl- 
mide can activate NF-kB (Sen and Baltimore, 1986b). This 
implies that NF-kB Induction Involves the conversion of a 
precursor into an active form. Recent experiments show 
that NF>kB is complexed with an inhibitory protein. Cyto- 
solic extracts from uninduced cells can be treated in vitro 
with dissociating agents such as formamide and deoxy- 
cholate to unmask very high levels of NFkB binding activ- 
ity (Baeuerle and Baltimore. 1988a); such treatments gen- 
erally do not work on nuclear extracts from uninduced 
cells. Conversely, activated NF-kB normally in cells Is de- 
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tected in nuclear but not cytosolic extracts, implying a nu- 
clear translocation step associated with activation in vivo. 
A protein of about 68 Kd Is able to inhibit the DNA binding 
activity of NF-kB. but not other DNA binding proteins, and 
has therefore been named inhibttor-KB (IkB). Because 
IkB efficientiy Inhibits the activity of NF-kB derived from 
mature B cells or induced in vivo in other cell types, activa- 
tion of NF-kB appears to involve a modification of IkB and 
not NF-kB (Baeuerle and Baltimore. 1988b). Complex for- 
mation between NF-kB and IkB is rapidly and efficiently 
reversible in vitro, which fits well with the finding that in- 
duction of NF-kB is reversible in vivo. 

In a current model that ties together these observations, 
NF-kB Is initially located in the cytoplasm in an inactive 
form complexed with IkB. Various Inducers then cause an 
as yet poorly understood alteration in IkB. allowing NF-kB 
to be released from the complex. NF-kB then travels to the 
nucleus, where it interacts with its DNA recognition sites 
to mediate gene transcription. This model implicates NF- 
kB directiy In signal transduction; NF>kB, like the gluco- 
corticoid receptor, acts as a messenger to transmit the 
gene Induction signal from the cytoplasm to the nucleus. 

The ability of phorbol esters to induce NF-kB suggests 
that IkB may be inactivated by a phosphorylation event in- 
volving protein kinase C. Recent evidence indicates that 
treatment of cytosol with protein kinase C in vitro releases 
NF-kB (Shirakawa and Mizel, 1989). 

Constitutive NF-kB activity in B lymphocytes seems to 
result from regulation of eitiier the level or activity of IkB. 
Cert£un mature B cell lines have significant NF-kB, but 
these levels increase further during viral induction (Lenardo 
etal., 1989). This observation argues against the possibil- 
ity that transcription of IkB Is simply shut off at the final 
stages of B cell maturation. Instead. B cell differentiation 
may be associated with partial, constitutive NF-kB activ- 
ity, while additional NFkB remains complexed with IkB to 
serve inducible gene functions. The molecular features of 
NF-kB activation, especially the independence from new 
protein synthesis, embody an efficient system for rapidly 
transducing extracellular signals into specific patterns of 
gene expression in the nucleus. 
NF-kB Takes Part in T Cell Activation 
The inducibltity of NF-kB in a variety of cell types sug- 
gested that it plays a role in other genes besides the im- 
munoglobulin K gene. This was shown in studies of the 
lnterleukin-2 a receptor (IL-2Ra) gene, which is expressed 
during activation of T lymphocytes. Transcriptional stimu- 
lation of the IL-2Ra gene is partiy governed by the binding 
of NF-kB to a site In the lL-2Ra promoter (Bohntein et al., 
1988). NF-kB is induced by several T ceil mitogens and 
by antibodies against cell surface markers that mimic 
physiologic T cell activation (Sen and Baltimore, 1986b: 
Tong-Starksen et al., 1989). NF-kB is also one of the sig- 
nals for Inducing the tL-2 lymphokine gene itself (Shibuya 
et al., 1989). Thus NF-kB appears to be a vital control ele- 
ment In T cell activation. 

Significantiy, the trans-activator gene product (fax) of 
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the human T lymphotropic virus HTLV-I powerfully In- 
duces NF-kB (Cross et aL, 1989). One can envisage that 
early during HTLV-l infection, abnormal Induction of NF-. 
kB by fax causes unregulated T cell growth. Such prolifer- 
ation would predispose the infected T lymphocytes to a 
second transfonmlng mutation, leading to frank leukemia. 
The connection betweer> HTlV-1 and leukemogenic events 
In T cells appears to represent a subversion of the nor- 
mal activation of NF-kB thai occurs during the Immune 
response. 

NF-kB ts an Important PBrticlpant In 
Cytokine Regulation 

Cytokines are proteins that convey signals for homeo- 
static regulation of cellular proUferationi differentiation, 
and other activities (for review see DeMaeyer and De- 
Maeyer-Guignard, 1988). NF-kB seems to be ideally suited 
for the regulation of tnterceltular signals. It can act as a 
transient signal when induced by phorbol esters, or as a . 
prolonged signal when induced by llpopolysaccharide 
(Sen and Baltimore. 1989b), In addition to taking part in 
the induction of IL-2, NF-kB has been found to positively 
regulate the human p-interferon (P-IFN) gene: it interacts 
with a virus-inducible element (PRDll) In the 3-IFN gene 
and is highly induced by virus Infection or treatment of 
ceUs with double-stranded HNA (Visvanathan and Good- 
bourn. 1989; Lenardo et at., 1989). It Is important to ruste 
that p-IFN gene expression can be elicited in many cell 
types other than lymphocytes, which reinforces, the idea 
that there Is nothing'inlrinsically tissue specific about NF- 
kB activation. 

NF^kB has also been shown to take part in the cytokine- 
mediated elevation in certain plasma proteins in the liver 
in response to Inflammation (Edbrooka et al.. 1989). NF- 
kB Is likely to play a role in the expression of genes for 
other cytokines such as IL-e, TNF^t, and lymphotoxin. 
Moreover, NF-kB can itself be induced by TNF-a and IL-1 
(Osborn et al., 1989), revealing an interesting mechanism 
for autostimulatory and co^imulatory regulatory loops. 
Viruses Use NF-kB 

Viruses other than HTLV-l have taken direct advantage of 
NF-kB's powerful transcrfptlona! effect. Both 5V-40 and 
cytomegalovirus (CMV) have NFkB binding sites in their 
enhancers, and viral irans-activalorsof CMVand hepatitis 
6 virus Induce NF-kB activity (Sen and Baltimore, 1986a; 
Cherrington and Mocarski. 1989; SIddiqui et al., 1989). 
Most importantly, the enhancer of human immunodefi- 
ciency virus type 1 (HIV-1) has two prominent NF-kB bind- 
ing sites (Mussing et al.. 1987): NF-kB binding regulates 
the transcriptional inducibility of the HIV long termina) re- 
peat (LTR) in activated T lymphocytes or phorbol ester- 
stimulated HeLa cells (Nabel and Baltimore. 1987). Thus, 
latency of the HIV provirus due to a lack of LTR-mediated 
transcription in resting T cells could be overcome by in- 
duction of NF-kB upon activation of T cells, resulting in 
elevated transcription of the provirus and increased virus 
production. Support for this model comes from evidence 
that viral production Is stimulated by agents that induce 
NF-kB in monocytic ceil lines bearing an HIV provirus 
(Griffin et al.. 1989). 



Specificity Requires Additional Factors 
How is "cross talk" avoided between the various pathways 
employing NF-kB? Given the ubiquity of systems using 
NF-kB, a level of regulation in addition to NFkB induction 
is needed to ensure that each signal gives rise to a spe- 
cific response. Investigations of NF-KB-regulated genes 
have defined other transcription factors that govern the re- 
sponse to the NF-kB signal. A clear example comes from 
studies of ^-IFN gene regulation: viral Induction of p-iFN 
is mediated by two virus-inducible activators, one of which 
is NF-kB, and the release of a repressor (Maniatis, 1988; 
Lenardo et al., 1989). The two actuators bind distinct DNA 
sites (PRDI and PRDll) but must act together to respond 
to induction. As single copies, neither site is inducible 
(Fan and Maniatis, 1989). 

The theme of multiple signals that generate specificity 
is supported by studies of the immunoglobulin k and IL- 
2Ra genes. The NF-kB site from the k light chain en* 
hancer alone stimulates transcription in B and T lympho- 
cytes as well as In noniymphold cells. By contrast, the en- 
tire K enhancer is Inducible only In 8 lymphocytes and.is 
unresponsive to NF-kB in other cell types (Pierce et al., 
1988). The restricted response to NF-kB by the k en- 
hancer has now been attributed to a silencer sequence 
that resides in the enhancer some distance away from the 
NF^kB binding site and acts to suppress transcriptional ef- 
fects of NF^kB in non-B cells. Specific activation of the IL* 
2Ra gene In T lymphocytes is attained by slightly different 
means: full Induction of this gene depends on NF-kB as 
well as a positively acting sequence immediately down- 
stream (Cross et al., 1989). 
Is There One NF-kB? 

Similar sequences in a variety of genes are recognized by 
a phorbo! ester-induced protein that forms a DNA-prote|n 
complex Indistinguishable In size from that formed by NF- 
kB (see table). Sites from genes induced in distinct cell 
types often differ slightly in sequence. Could the appear- 
ance of a single factor belie a fanriily of closely related but 
functionally distinct transcriptional regulators? By this 
scheme, one member of the family could be the constitu- 
tive factor In B cells, while others could be specifically in- 
ducible in particular cell types. 

The hypothesis of multiple, similar NF^kB species has 
not yet been tested directly, but biochemical evidence 
does not suggest heterogeneity. No differences in binding 
specificity have been detected between the NF-kB pro- 
teins from different cell types. That is. the NF-kB protein 
Induced in T cells has no preference for sites from genes 
activated In T cells over those from genes activated in B 
cells, and vice versa (Lenardo et aL, 1988). Furthermore, 
the complexes between DNA and NF-kB from different 
cell types involve an Identical pattern of base contacts. 

The blochemteal features of the NF-kB complex are the 
same regardless of the cell type from which it is derived. 
Purification of NF-kB to homogeneity from human cells 
yields a single DNA binding polypeptide chain of approxi- 
mately 50 kd (Kawakami et al., 1988). An associated 65 kd 
polypeptide may be an intrinsic part of the NF-kB com-: 
plex. NF-kB has the unique property that nucleosiids 
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Table 1. Sequences Recognized by NF-k8 



Gene 



Sequence 



Mouse Ig K enhancer 
SV40 enhancer 
HIV-1 (-91) 
CMV(4) 

HIV-I <-l05) 
HIV-2 
CMV 0) 
Prmlcroglobulin 
Serum amyloid A 

Human Ig k enhancer 
CMV (3) 

HFN (PROK) 

CMV (2) 

MHC Class II (Ea<i) 
IL-2 

Mouse IL-2Ra 

Human IL-Ra 

MHC class I <H-2K*) 

HLA (A2. All. B7, B27. B51) 

Consensus:" 



(G}GQGACTTTCC 



(A)GGGACTTTCC 



GGGGATTTCC 

GGGAAATTCC 
GQGACTTTCC 
GQGACTTCCC 
GQQATTTCAC 
GGGGATTCCT 
QGGAATCTCC 
GGGATTCCCC 



GGGRATYYCC 
T 



The binding nucleotides are identical for the first two classes of sites, 
but the 5' border nudeotide (in parentheses) is conserved as either 
an A or G; the regulatory significance of this is not known. The four 
putative NF-kB recognition sites in the CMV enhancer (numbered 1 -4, 
as they are found from 5' to 3' on the coding strand) have not been 
tested In a binding assay. All others have been proven by direct bind- 
ing, and usually also by inhibition of binding to the immunoglobulin 
K sequence. 

Data are from Sen and Baltimore (1986a), Nabel and Baltimore 
(1987). Gniyader ei al. (Nature 325, 662*669. 1987). Yano el al. (EMBO 
J. 6, 3317-3324. 1987). Edbroolce et al. (1989). Emorine et al. (PNAS 
61, 17d9->1793, 1984). Lenardo et at. (1969), Visvanathan and Good- 
bourn (1989), Btanar et al. (Moi. Ceil. Biol. 9, 844--846, 1989). lenardo 
et al. (1988). Cross et al. (1989). Bdhnlein et al. (1988). Baldwin and 
Sharp (1988). and Haltem et al. (J. Immunol. 142, 297-305. 1989). 
* Based on ail sequences, but the assignments of the sixth, ninth, and 
tenth positions ignore one deviant. 



triphosphates dramatically stimulate Its ability to bind DNA 
in vitro (Lenardo et al., 1988); and, as mentioned above, 
NF-kB can be released as an active species from an inac- 
tive cytosolic fomi (Baeuerle and Baltimore, 1988a). 

It is ctear that NFkB binding sites are also recognized 
by other, obviously distinct transcription factors. One ex- 
ample is the H2TF1 protein, which binds to an NF-KB-lil<e 
site in the mouse H-2K^ class 1 major histocompatibility 
gene (Baldwin and Sharp, 1988). This factor, however, is 
a constitutively active nudear binding protein In many 
different cell types and Is not Implicated in Inducible gene 
expression. 
Conclusion 

Taken together, these findings indicate that there is proba- 
bly only one NF-kB or perhaps a closely related protein 
family that serves multiple roles in many different cell 
types. Understanding the properties of NRkB wilt provide 



an explanation for how nature uses a single transcription 
factor to operate a diversity of gene induction processes. 

A detailed understanding of the regulation of NF-kB will 
be greatly facilitated by the cloning of its gene. NF-kB is 

present in very low abundance, and has thus far con- 
founded conventional cloning techniques (Lenardo et al., 
1988). Equally important in future work will be a thorough 
biochemical investigation of the dissociation of NF-kB and 
IkB in the cell. No doubt, NF-kB will continue to yield a 
fascinating took into the underlying logic of transcriptional 
regulation. 
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